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Abstract 
 
The work herein investigates the surface active properties of short peptides and their 
interactions with conventional surfactants. Short peptides can be designed to mimic the 
structures of conventional surfactants such as SDS and C12TAB. Such peptide structures 
include V6K peptide, which are attractive in many fields and applications as they can be 
more biocompatible, biodegradable and environmentally friendlier substitutes to harsh 
surfactants. Similar peptide structures can also be found naturally occurring in proteins, 
such as silk fibroin, and can then be liberated by breaking down the protein into its 
constituent peptides. The interaction of these peptides with conventional surfactants at 
the air-liquid and solid-liquid interface have not been investigated before. The adsorption 
behaviour and structures formed at the solid-liquid interface were examined using 
Ellipsometry and Neutron Reflection. It was found that V6K could adsorbs at the solid 
interface from solutions containing conventional surfactants and could also be pre-
adsorbed at the surface to form bilayers and cylindrical micellar structures which were 
very stable even upon subsequent surfactant addition. The adsorption of regenerated silk 
fibroin (RSF) was also investigated at the solid-liquid interface. A stable 80 Å RSF layer 
was found adsorbed at the interface. However, the layer was found to be susceptible to 
pH and salt concentration changes and addition of surfactant at high concentration would 
cause the layer to desorb. At the air-liquid interface, RSF adsorbed and formed a stable 
layer which was not susceptible to changes in pH or salt concentration. The layer was 
found to extend up to 40 Å into the water and 15 Å into the air phase. Addition of small 
amounts of RSF to conventional surfactants resulted in significant lowering of the surface 
tension making the solutions much more efficient than the pure surfactant solutions. 
Furthermore, the effects of RSF molecular weight and RSF foaming were also examined. 
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1 INTRODUCTION 
This thesis investigates the surface active behaviour of peptides and their adsorption at 
both the solid-liquid and air-liquid interface. In particular, the adsorption of silk fibroin 
peptides and their interaction with conventional surfactants. The following literature 
review gives an introductory account on the current understanding and work carried out 
in the field of interfacial surfactant adsorption and frames the importance and relevance 
of the work carried out.  
 
1.1 Surfactants 
 
The term surfactant arises from the shortening of surface-active-agent and refers to a 
molecule (agent) which has the ability to considerably lower the thermodynamic free 
energy of a surface (surface active). Surfactants achieve this by adsorbing at the surface 
in large amounts. In this context, surface refers to any interface between two immiscible 
phases, such as solid-liquid or air-liquid. Surfactants are able to adsorb at the surface 
because they are amphiphilic molecules, i.e. their molecular structure incorporates both a 
polar and a non-polar moiety. For example, at an aqueous interface, these moieties would 
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be hydrophobic (water-hating) and hydrophilic (water-loving). This general amphiphilic 
structure is what drives surfactants to the interface and will be discussed further in section 
1.1.1. In simple terms, the higher the adsorbed amount at an interface, better the 
surfactant. Furthermore, given the right conditions and interactions, surfactants are 
known to aggregate and self-assemble into supramolecular structures such as micelles 
and bilayers (discussed further in section 1.2). This is a very attractive feature of 
surfactants which can be used in a wide range of applications from personal care products 
to biotechnology (examples in section 1.1.2). 
It should be noted that the self-assembly of molecules is ubiquitous to biological systems 
found in nature and play an essential role in their function. Perhaps the most common 
example is the cell membrane, which is a bilayer composed primarily of amphiphilic 
surfactant-like molecules known as phospholipids. This highlights a significant 
distinction in the use of the term surfactant. The term surfactant is conventionally used in 
reference to compounds that to some degree are manmade or processed by man. However, 
as will be discussed in this thesis, this does not preclude biological molecules found in 
nature from having surface active properties and structures similar to conventional 
surfactants. 
 
1.1.1 Common structures and subdivisions 
 
The hydrophobic/hydrophilic partitioning of surfactant molecules is essential for their 
function as surface active agents, and it’s thus a common feature to all surfactants. One 
of the simplest and most common surfactant structures are the linear surfactants. They 
consist of a linear chain of hydrophobic segments covalently joined to hydrophilic 
segments. In the literature, these two segments are more commonly described as the 
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hydrophobic tail and the polar hydrophilic head (as depicted in Figure 1.1). In addition to 
the basic linear structure, there is a variety of structures which include branched or cyclic 
tails and even surfactants which have multiple heads or tails. However, the most common 
way to categorise surfactants is not by their structure but by identifying them by their 
head group. This is mainly because the polar head group will strongly influence the way 
the surfactant interacts with other molecules and surfaces and therefore surfactants with 
the same head group will broadly follow similar interactions. Hence the main 
subdivisions of surfactant structures divide surfactants into four categories: anionic 
(negatively charged), cationic (positively charged), zwitterionic (mixed charge) and non-
ionic surfactants, shown in Figure 1.1. 
 
 
Figure 1.1 Diagram depicting the basic structure of linear surfactants and their four 
main categories. 
 
Typical anionic surfactants head group species include carboxylates, sulphates, 
sulphonates, and phosphates. Carboxylates are found in soap and are the most common 
anionic surfactants.1 However, one of the major draw backs of carboxylate surfactants is 
their susceptibility to hard water which causes them to precipitate out (forming scum).  
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Cationic surfactants are mainly characterised by quaternary ammonium compounds and 
amines, with the latter having a pH dependant charge rather than a fixed positive charge. 
As such amines are susceptible to high pH as they need to be protonated. On the other 
hand surfactant ester quats (quaternary ammonium compounds with two hydrophobic 
alkali chains bonded via weak ester linkages) are used as fabric softener and are extremely 
susceptible to hydrolysis at pH’s above 5-6.2  
Zwitterionic surfactants possess both charged species in their head group, and can hence 
be net negative or positively charged, and may have a pH dependant charge depending 
on its composing species. They are the smallest class of surfactants and are generally 
more expensive to produce. They are very compatible with a variety of conditions and 
work well in the presence of other surfactants and have low eye/skin irritation and 
therefore are a preferred choice in personal care products. Common zwitterionic 
molecules include betaines and lecithins (industry term for extracts mainly comprising of 
phospholipids).  
Non-ionic surfactants, on the other hand, have no charge, they are mainly composed of 
oxygen, hydrogen and carbon atoms. They are the second largest class of surfactants by 
volume.1 Non-ionic surfactants include fatty alcohols, alkyl ethoxylates and other long 
chain molecules giving non-ionics a wide range of complex structures. Fatty alcohol 
ethoxylates are the most important non-ionic surfactant type, used in liquid and powder 
detergents. Non ionics are also commonly used to stabilise oil-in-water emulsions and in 
the case of polysorbates are excellent for use in food products as they degrade to sugar 
and fatty acid.3  
In addition to the chemistry of the head group, the tail also impacts on a surfactants 
behaviour. Generally conventional surfactants have alkyl chains made from 8-18 carbon 
atoms and the choice of carbon tail length will affect the surfactants behaviour.1 Factors 
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such as toxicity and irritation are known to sometimes peak at a specific chain length, 
since as chain length increases the critical micelle concentration falls (Refer to chapter 
1.2) resulting in a lower concentration of free monomers. Also mentioned earlier there 
are surfactants which have more complex structures, branched cyclic or simply having 
multiple tails and heads. For example Gemini surfactants are a group of dimeric 
surfactants, essentially two surfactants joined together via a spacer and are very efficient 
at lowering the surface tension.4, 5 However discussion of all these surfactants structures 
is beyond the scope of this thesis which focuses only on linear surfactant structures. 
 
1.1.2 Surfactant applications 
 
World surfactant production is over 20 million metric tons per year.1 Anionic surfactants 
are the most used surfactant type by volume, representing around 70% of the total 
surfactant consumption. Surfactant use ranges from household products, industrial 
applications to food and biotech applications. The following section will give a brief 
account of some of the ways the physiochemical properties of surfactants have been 
exploited for applications in so many fields. For more information, surfactant use has 
been reviewed for applications in food industry 6, drug delivery 7, biopharmaceutics 8 and 
biotechnology 9. 
In the food industry, surfactants have been used to help stabilise different phases in food 
products and make emulsions, these include products from mayonnaise to salad creams 
and ice creams. These mainly include non-ionics as well as lecithins as they tend to be 
more biocompatible.6 Surfactants ability to modify wettability of solids and both stabilise 
and destabilise dispersions has been widely exploited by several industries. In the 
agrochemical industry surfactants are used in the dispersion of herbicides as well as 
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reduce the surface tension and hence improve the spreading and wetting of leaf surfaces 
for improved herbicidal uptake by weeds.10 Improved uptake is also achieved since 
surfactants amphiphilic nature allows them to penetrate in the otherwise water 
impermeable waxy layer of leafs helping deliver herbicide or alternatively deliver 
nutrients past the outer waxy barrier. Surfactant formulations have been used to enhance 
dispersion of single walled carbon nanotubes by improving colloid stability and enhance 
their antibacterial activity.11 On the other hand their destabilising ability can be exploited 
in flocculation and floatation. For example, industrial flotation of minerals or particulates 
can be accomplished by addition of suitably charged surfactants and adjustment of ions, 
pH and other solution properties. Surfactants ability to modify the surface properties upon 
adsorption has, for example, been used to improve filtration of ultrafine particles by 
changing surface properties such as with micro porous polypropylene membrane filters, 
which are treated with cationic surfactants which help to filter out negatively charged 
nanoparticles increasing filter efficiency from 10% to 95%.12 Similarly, they are being 
used in the metal working industry to coat and impart anticorrosive properties.13 As well 
as being used as surface coating on surgical or medical implants, increasing surface 
biocompatibility and reducing nonspecific protein binding and cell or bacteria adhesion. 
Alternatively, they can also be used to remove molecules from a surface through their 
detergent action.14 Surfactants in the biotech industry have been used in a range of 
applications from drug and gene delivery vectors to helping maintain biopharmaceuticals 
products.7 For example, cationic surfactants can be used to bind with negatively charged 
DNA molecules for delivery through the cell membrane. Though cationic surfactants 
generally have high toxicity which limits their efficiency as transfection agents such as 
with Oligofectamine®, a cationic surfactant lipid used as a standard transfection reagent 
but suffers from toxicity problems. Biomolecules such as IgG antibodies, insulin and 
other hormones used as biopharmaceutics suffer from stability issues such as aggregation, 
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denaturation and precipitation which affect their activity and place constraints on their 
storage and use.8 Non-ionic surfactants such polysorbates (Tween®) and poloxmer 
(Pluronic® F68) used in formulations adsorb at the air/water and solid/water interfaces 
and form a barrier which stops biomolecules from adsorbing and denaturing as well as 
helping stabilise the molecules in the bulk solution.8  
The above brief account on surfactants abundantly showcases the wide variety of ways in 
which surfactant molecules have and can be employed. Common to all is the surfactants 
ability to exploit its interfacial adsorption and or interactions with other molecules 
through either electrostatic or hydrophobic interactions Each application requires a 
specific surfactant and therefore understanding surfactant adsorption and interaction is of 
fundamental importance for the development of new technologies and applications based 
on these classes of molecules. 
 
1.1.3 Issues with conventional surfactants and search and development of 
alternatives 
 
As discussed earlier surfactants have found application in numerous fields and are 
intensively used in many industries resulting in an estimated production of over 20 million 
metric tons per year. Unfortunately, many conventional surfactants have come under fire 
due to concerns on their environmental impact from production to disposal. This is 
especially the case with surfactants which rely on the petrochemical industry to provide 
the raw material for their production. Pollution occurs both indirectly from the 
petrochemical industry as well as directly from surfactant synthesis and release into the 
environment which can cause adverse toxicity to wildlife and other organisms. 15 
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Green chemistry is a relatively new field within chemistry. It attempts to find ways of 
reducing the impact chemical processes can have on the environment and on human 
health. The basis and founding motives of green chemistry date back to the 1960’s, 
following the increased coverage and awareness by the media and the scientific 
community of the potentially catastrophic effects of pesticides such as 
Dichlorodiphenyltrichloroethane (DDT) on humans, environment and wild life. This led 
to growing concerns and fears regarding the exposure to toxic chemicals which resulted 
in increased regulatory pressures from environmental agencies around the world. The 
main focus was on the prevention of pollution from industrial processes by reducing or 
eliminating hazardous substances from reagents, solvents, products and by-products of 
chemical processes. Anastas and Warner were the first to define green chemistry in their 
book, Green Chemistry: Theory and Practice, setting examples on how to approach the 
reduction or elimination of hazardous chemicals at each step from design, and 
manufacture to the application of chemicals.16 Since then the principles of green 
chemistry have permeated across fields, and scientists and engineers alike are expected 
to optimise reaction conditions by improving energy efficiency, designing and using 
environmentally friendly chemicals and shifting towards renewable and sustainable 
resources.  
As a result, the European Union has developed REACH legislation, registration 
evaluation authorization and restriction of chemicals, placing Europe at the forefront of 
environmental and human safety. Their motto is “No data, no market”.17 REACH 
regulation in the EU has been active since December 2006. It covers the production and 
use of chemicals and covers surfactant use as well. One of the major policy changes is 
that companies must prove safety and publish test results making them publicly available 
for scrutiny.  
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Generally, surfactant manufacturers are driven by the profit motive and hence focus on 
finding ways to increase demand and minimise the manufacturing cost. The shift in the 
market requirements to green surfactants is now forcing the industry to also take 
environmental impact into account and is thus a major driving force for new surfactant 
development.1 Currently the large majority of surfactants are mostly manufactured by 
organic synthesis involving harsh chemicals and conditions.18 Surfactant raw materials 
are generally based on either oleochemicals or petrochemicals. Oleochemical derived 
surfactants are based on renewable sustainable raw materials, such as palm oils and other 
vegetable oils.19 Whilst surfactants based on petrochemicals are produced from the 
products resulting from the cracking of naphtha, such as ethylene. Surfactants such as 
alcohol ethoxylates, alkyl sulphates, alky phosphates have the advantage of being able to 
be manufactured using either oleochemicals or petrochemicals as their primary source of 
raw material.1 In such cases the origin, whether petrochemical or oleochemical, has no 
bearing on the resulting surfactant product (i.e. no change to harshness or toxicity to the 
environment by the surfactant). However, in terms of the carbon footprint and greenhouse 
gas emissions, oleochemical based surfactants are significantly greener and more 
environmentally friendly in their production. A study found that substitution of 
oleochemical surfactants for petrochemical surfactants would enable a reduction of 34% 
of the total fossil CO2 emissions by the surfactant industry in Germany.
20 Due to the 
regulatory pressures and global market shift away from the petrochemical industry, 
surfactant manufacturers have already started large scale cultivation of oleochemical 
sources (such as palm trees) in developing countries in south East Asia and South 
America. However, it should be noted that this practice is also coming under scrutiny due 
to massive rainforest clearance and dangers of increased soil erosion and loss of 
biodiversity. 
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Furthermore, in addition to the source of the surfactant, their structure and design is also 
important. Regulations require the safe biodegradation of surfactant in sewage treatment 
plants before entering water ways thereby thwarting any potential bioaccumulation in the 
environment and aquatic life.17 This has recently favoured the use and design of cleavable 
surfactants. These are surfactants which are designed to have weak bonds which can be 
chemically or biologically broken making them degradable into non-toxic products. For 
example ester quats are designed with weak acid cleavable ester bonds which can be 
easily hydrolysed and have now replaced dialkyl quats due to environmental concerns 
from severe aquatic toxicity and persistence in the environment.2 Similarly, SDS is 
unstable and rapidly degrades in acidic conditions and begins an autocatalytic degradation 
as its hydrolysis releases sulfuric acid.21 Another example is the move from branched 
alkylbenzene sulfonates to linear benzene sulfonates.1 Both these changes resulted in 
surfactants which can be more easily degraded in the environment resulting in lower 
toxicity, even though their performance may be limited. 
So surfactant design has evolved in order to comply with regulations but the search for 
alternatives is also fuelled by prospects from new technologies which hope to take 
advantage of surfactant-like behaviour. For example this has resulted in the development 
of cleavable surfactants for cleaning of water resistant garments which during the washing 
process degrade and their hydrophobic moiety adsorbs onto the garment imparting a water 
repellent finish.22 Cationic surfactants are known to be much more toxic, use of cleavable 
cationic surfactants can improve its ability for use as personal care products as their 
irritant/toxic nature would rapidly degrade following application. 23 
Surfactant production and design is now shifting to valorise the use of natural building 
blocks, biodegradability and efficiency (used in lower amounts). One route to improve 
surfactants use is the formulation of surfactant with milder surfactants. Studies have 
shown that this can synergistically lower the relative skin irritation and toxicity making 
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their use more efficient in their respective applications.24 Alternatively, the use of natural 
sources of surfactant-like molecules is gaining significant research attention. These 
include surfactants from microorganisms, also known as biosurfactants, and include 
Rhamnolipids, Hydrophobins and Trehaloses to name a few. 25-27 Their commercial use 
is currently limited and constrained by higher costs but has found some use in premium 
cosmetics and personal care applications. Surfactants are also being developed from 
peptide molecules which can be carefully designed for specific application (discussed in 
section 1.3.) but currently these too suffer from high costs. There is therefore a need and 
a search for novel surface active agents which are green and could be used in conjunction 
with other surfactants to reduce their impact. 
 
1.2 Surfactant aggregation and adsorption studies 
 
Surfactants are known to aggregate into supramolecular structures above a certain 
concentration known as the surfactant’s critical micelle concentration (CMC). 
Effectively, the CMC is also a measure of the maximum amount of free surfactant 
molecules in the solution as beyond the CMC any additional surfactant molecules added 
to the solution will aggregate.  
The aggregation is a result of the unfavourable interactions between the hydrophobic 
segments of surfactants and the polar water molecules. Hydrophobic segments cause 
water molecules to structure themselves in the form of a cage which reduces the entropy 
of the system. Thus aggregation into micelles becomes thermodynamically favourable as 
it reduces these unfavourable interactions by ‘hiding’ the hydrophobic moieties and thus 
helping increase the entropy of the system by releasing the caging water molecules. 
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Micelles are thus polar aggregates (since only the polar head groups come in contact with 
the bulk solution) of varying shapes and sizes, some of the most common shapes include 
spherical, rod, elliptical and lamellar aggregates. It should be noted that micelles have a 
different behaviour compared to the free surfactant molecules, as they have no surface 
activity and are highly soluble in bulk solution. The exact shape and onset of aggregation 
is a result of complex interactions combining solution properties (ionic concentration, pH, 
temperature etc.) and most importantly the exact molecular structure of the surfactant. 
Aggregation and its control and design in bulk solution has been extensively studied and 
has resulted in the modelling of self-assembly of structures based on a surfactant’s 
packing parameter (which takes into account the shape and volume of a surfactants head 
and tail) to predict its possible aggregation.28 The importance of micelles extends to its 
possible applications such as solubility of hydrophobic molecules. Solubility increases 
when the CMC is reached and thus surfactants can be used to help solubilise hydrophobic 
molecules within their micelle’s hydrophobic environment. Thus ways of lowering the 
CMC can be of high value for encapsulation of hydrophobic molecules such as dyes and 
drugs without excessive use of surfactants.  
The most common method of determining the CMC is by measuring the surface tension 
of a surfactant solution over a wide concentration range. As can be seen in Figure 1.2, as 
the surfactant concentration increases the surface tension falls until it reaches a drastic 
change in the slope of the curve at the CMC. Other techniques such as conductivity, 
osmotic pressure and turbidity can also be used to find the CMC in a similar manner.  
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Figure 1.2 Determination of CMC by different experimental techniques.29 
 
On the other hand, adsorption studies are widely and commonly used to help characterize 
surfactant behaviour and its interactions at an interface. Adsorption at the interface has 
traditionally been undertaken to determine the surfactants interfacial coverage (adsorbed 
amount), evolution over time and molecule orientation. The coverage gives a good 
indication of the surfactant performance in many processes ranging from foaming, 
detergency and emulsification. The surface adsorbed amount is also known as the surface 
excess, Γ, and is measured in mg/m2 or mole/m2.The surfactant orientation is particularly 
important as it determines how the surfactant will change the surface properties by 
determining which chemical moieties will be exposed and the mechanisms of interaction 
such as by making the surface more or less hydrophilic/hydrophobic or charged.30 
Consequently adsorption studies have also been undertaken to study such interactions in 
the presence of other molecules. For example, in paint systems, mixtures of surfactants 
are used, each serving a different purpose, such as emulsifying, stabilising pigment 
molecules and helping their dispersion etc. In such systems, competitive adsorption can 
be an issue as surfactants can interfere with each other and cause the paint to become 
unstable. On the other hand, mixed surfactants are also used in applications in order to 
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exploit any synergistic activity which may lead to greater adsorption efficiency and 
effectiveness. Therefore, careful investigation of the adsorption behaviour of surfactants 
is highly valuable for the advancement of many surfactant applications. 
 
1.2.1 Key electrostatic and hydrophobic effects 
 
There are two forces which play a key role and are fundamental in understanding the self-
assembly and adsorption of molecules from solutions, they are the electrostatic 
interactions and the hydrophobic effect. The hydrophobic effect has been mentioned 
before, with regards to the ordering of water molecules around hydrophobic moieties, 
thereby both self-assembly and adsorption at an interface is thermodynamically 
favourable as it results in increased entropy. Electrostatic interactions are a result of 
charged species found on the surfactants molecules as well as some interfaces such as 
silica. In many cases electrostatic interactions are the driving force for interaction between 
molecules as well as other surfaces and are thus very important. Counterions found in the 
solution play an essential role in mediating electrostatic interactions. This is because 
charged surfaces result in counterions binding to the surface. This binding results in a 
lower entropy and self-assembly and adsorption at interfaces causes the release of these 
counterions and thereby an increase in entropy. 
In order to understand the importance and prevalence of these forces its common practise 
to probe the interaction through changes in pH, ionic strength as well as adding other 
molecules or using different surfaces. For example, the addition of a non-ionic surfactant 
or an oppositely charged surfactant to an ionic surfactant solution will generally result in 
a lowering of the CMC. This is a result of a reduction in the charge density of the micelle 
surfaces being formed due to incorporation of the non-ionic or oppositely charged 
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surfactant. This also results in lower counterion binding to the newly formed surface. 
Much in the same way, adsorption at an oppositely charged interface can result in 
improved self-assembly. 
This phenomenon can be further probed by the addition of salt into the bulk solution. 
Increasing salt concentration can result in shielding of electrostatic based interactions and 
hence ionic surfactants will behave similar to non-ionic surfactants and have a lower 
CMC. However, when an oppositely charged surfactant is added to such a solution, the 
CMC will now not decrease as much as favourable attraction is now hampered, this is 
also valid for adsorption to oppositely charged surfaces. Similarly, to the above, changes 
in the pH result in changes to the strength and charge of pH dependant chemical species 
and hence will reveal interaction in the same way as mentioned for the addition of salt. 
An additional force which is very common in self-assembly and is worth mentioning is 
the formation of hydrogen bonds. Hydrogen bonds are not very strong, they form and 
break continuously but are able to impart stability to aggregates and help in the adsorption 
and aggregation process. 
 
1.2.2 Adsorption at the air-liquid interface 
 
Adsorption at the air water interface lowers the entropy of the system by removing the 
hydrophobic moieties from the bulk and as such operates in the same way as was 
discussed for micelle formation in the bulk solution. However, the adsorbed surfactant 
molecules at the interface will also lower the free energy per unit area (surface tension) 
at the surface. For more information regarding surface tension and its measurements 
please refer to section 2.3. Surfactant adsorption generally increases at the interface up to 
the CMC, at which point the maximum adsorbed amount is reached as the concentration 
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of free surfactants in solution no longer increases. This results in the typical surface 
tension curve for pure surfactants shown in Figure 1.3. 
The relationship between the adsorbed amount and the surface tension can be quantified 
by applying the Surface Tension-Gibbs equation. In its simplest form, the Gibbs equation 
can be applied to calculate the surface excess of dilute solutions of non-ionic-surfactants 
in the following form: 
𝛤 = −
1
𝑅𝑇
𝑑𝛾
𝑑𝑙𝑛𝐶
 
(1-1) 
 
Where R is the gas constant (8.314 J mol-1K-1), T is the temperature, C is the molar 
concentration of the surfactant, and γ is the surface tension. Therefore, the slope of a 
surface tension curve is directly related to the surface excess, Γ. 
Adsorption of surfactant solutions has been thoroughly studied over the years using 
surface tension. Systematic studies which evaluated the effects of head or tail size, head 
group charged species, ionic concentration, pH etc. have been carried out.31, 32 More 
recently however the focus has moved on to investigating the effects of mixed surfactant 
solutions. Especially surfactant interactions with polymers, polyelectrolytes and proteins. 
Such studies have significant value for many industrial processes and applications. In 
most such systems the adsorption at the interface can take the routes of synergistic 
(cooperative) adsorption, which results in both component’s adsorbed amount increasing 
at the interface or competitive adsorption, where they adsorb independently and compete 
for adsorption at the interface. Surface tension measurements in such cases have the added 
advantage that interactions in the bulk can be inferred as well as the adsorption at the 
interface. 
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Figure 1.3 Model surface tension curve for the typical interactions between a polymer 
and a surfactant.33 
 
A typical surface tension curve for a polymer-surfactant system is shown in Figure 1.3. It 
shows the presence of a critical aggregation concentration (cac), at T1, which is found 
below the CMC, where polymer molecules and surfactant molecules cooperatively bind 
in solution. Increasing the surfactant concentration beyond the cac results in close to no 
decrease in surface tension. This is because surfactant binds to the polymer and forms 
aggregates in the solution. As surfactant concentration is increased further the surfactant-
polymer binding in solution reaches a saturation level (T2) and no more surfactant binds 
to the polymer and instead is free to adsorb at the interface and further reduce the surface 
tension. Eventually a new CMC is reached (T3) for the pure surfactant molecules in the 
bulk solution and this results in a constant surface tension and no more adsorption at the 
interface.  
It should be noted that whilst the shape and trends in surface tension curves can reveal 
important interactions in the system, quantitative information through the use of the Gibbs 
Chapter 1: Introduction 
18 
equation becomes increasingly difficult and prone to inaccuracies. Recently, a number of 
papers have been published by Menger et al.34-36  raising the issue of the accuracy in 
determining surface excess from surface tension data from the Gibbs equation on a range 
of surfactant systems. Most of these inaccuracies stem from the fact that surface tension 
measurements are not always accurate enough, due to high sensitivity to wetting, 
viscoelastic properties, impurities and other disturbances. This is excellently explained in 
a number of papers dealing with cationic, anionic and non-ionic surfactant systems with 
the help of neutron reflection to directly measure the surface excess.37-39 Indeed the use 
of neutron reflection for quantification of adsorbed layers should be preferred when 
possible. In recent years the body of work which has used neutron reflection for the study 
of adsorption at the air-water interface has significantly increased. Especially with 
complex mixtures involving proteins or polymers, neutron reflection has been used to 
reveal not only surface excess but also, thickness, orientation and structures at the 
interface. For more information regarding the theory and use of neutron reflection please 
refer to section 2.1. 
 
1.2.3 Adsorption at solid-liquid interface 
 
The study of adsorption at the solid-liquid interface is relevant to a number of applications 
and industries such as recycling of paper and plastic, herbicide dispersion, detergency and 
mineral/particulate floatation to name a few. Paria et al.30 has reviewed these applications 
alongside a thorough discussion of important adsorption mechanisms and kinetics of 
surfactants and their mixtures. Adsorption of surfactants at the solid-liquid interface has 
also been extensively studied and reviewed by others.30, 40-44  
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Generally, for these adsorption studies mineral oxides and silica surfaces are used as 
model substrates (example of other common surfaces include quartz, mica, graphite).45 
Studies range from the characterisation of adsorbed structures, such as assembly of a 
C12E6 defective bilayer at the solid silica-water interface,
46 to the study of C16TAB 
adsorption on cellulose surfaces and its evolution over time.47 In the studies the surface 
can be carefully selected and tailored to help best mimic a surface and conditions of 
interest. Hence, surfaces can be used to model fabric surfaces, implant surfaces, 
biosensors, filter membranes etc.42, 47, 48  
Many studies however use silica due to its extensive surface characterization and its 
locally flat surface which can also be easily modified and is thus ideally suited for study 
by surface characterization techniques such as neutron reflectivity, as explained in more 
detail by Fragneto-Cusani et al.49. Common surface modification methods include 
chemical modifications, such as silanization of surface hydroxyl groups with 
octyltrimethoxysilane resulting in a hydrophobic surface,50 or physical modification 
through coating (spin coating, Langmuir-Blodgett etc.) with appropriate compounds such 
as cellulose or other proteins or lipids as required.47, 49, 51 Silica is thus an excellent surface 
to make initial characterisation of a surfactant system and can be subsequently tailored or 
substituted as necessary to model more specific conditions. 
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Figure 1.4 Adsorption at the solid-liquid interface adapted from Paria et al.30 
 
The general adsorption process for most surfactant systems on oppositely charged 
surfaces has been shown to follow the adsorption curve in Figure 1.4 and can be broken 
down into distinct adsorption steps. Initially, as shown in region one adsorption obeys 
henry’s law, i.e. the adsorbed amount is linearly proportionate to the concentration. In 
this region adsorption is thought to be driven by any electrostatic interactions between 
the surface and surfactant monomers. Region two has a much steeper gradient as a result 
of favourable lateral interactions between the adsorbed monomers resulting in surface 
aggregates. Region three has a less steep gradient as the full surface coverage approaches 
followed by the plateau region. Adsorption beyond CMC levels is usually negligible, as 
the monomer concentration will be constant in the bulk solution.52  
Factors affecting adsorption include the hydrocarbon chain length, functional group, salt, 
pH, etc.52, 53 For example addition of salt to an ionic surfactant at a hydrophobic surface 
would shield charges and reduce the entropy loss from counterion binding which results 
in higher adsorption with increasing salt concentration. Similarly, changes in pH can also 
be used to modulate the adsorbed amount at the interface. 
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Furthermore, surfactants which contain hydroxyl, carboxylic or amine groups can 
stabilise its structures at the interface via hydrogen bonding.40 The formation of structures 
at the interface has attracted much research. Since adsorption of surfactants at solid-liquid 
interfaces can yield complex structures, from monolayers, cylinders, fibrils, spheres and 
bilayers which could then be used to pattern surfaces.54 
More recently, the study of mixed surfactant systems, as well as surfactant polymer (or 
other compounds) is attracting significant attention due to its relevance to many industrial 
applications where surfactants are formulated and interact with other molecules. Such 
adsorption studies are usually carried out by either addition of surfactant to a pre-adsorbed 
layer or adsorbing from a mixed solution.30, 40, 55 An important question is whether a 
system will exhibit cooperative adsorption at the interface or competitive adsorption as it 
is of great importance to many applications such as coating of surfaces and 
immobilisation of molecules at a surface. Especially in mixed systems, neutron reflection 
has become an important tool which is capable of differentiating and quantifying 
adsorption of each component. Neutron reflection has now established itself as an ideal 
tool for the study of such buried interfaces and the work and use has been amply 
reviewed.49, 56, 57 
 
1.3 Peptides 
 
Peptides are biological compounds which are made from short chains of amino acids 
(discussed in detail in section 1.3.1). Briefly, there are 20 naturally occurring amino acids 
which act as the building blocks from which peptides can be created. These amino acids 
are analogous to monomers in a polymer. The term peptide is specifically used when 
describing amino acid chains containing less than 50 amino acid residues, whilst the term 
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protein is used for anything longer. In nature peptides are very common and have a range 
of activates. For example, they form part of the human innate host defence system, where 
their role is help attack foreign pathogens. They are also found in lung secretions and 
have an important role in stopping the lung surface from collapsing on itself through its 
surfactant action.58 They are also secreted by microorganism as well as fungi and 
creatures such as frogs or even bees, their role in nature spans from wetting, stabilisation 
of biomolecules, foaming and surface tension lowering properties to venom and 
antibacterial effects.23, 59-61 
 
1.3.1 Amino acid structure and characteristics 
 
The basic structure of an amino acid consists of a carbon atom attached to a variable side 
chain known as the R group, an amino group (-NH2) and at the other end a carboxyl group 
(-COOH). The presence of the amino and carboxyl group gives amino acids an 
amphiphilic character. In addition, each amino acids unique R group further contributes 
to its physiochemical and biological properties. Based on these R groups, amino acids 
can be divided into several categories such as polar, hydrophobic, charged as shown in 
Figure 1.5. Amino acids can be joined to each other through the formation of a peptide 
bond (amino bond), between the carboxyl group and the amino group of two amino acids, 
with the release of a water molecule. Such a chain of amino acid residues is known as a 
peptide. 
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Figure 1.5  Amino Acid structures and their division by physiochemical characteristics. 
(Reproduced from Dan Cojocari, Princess Margaret Cancer Centre, University of 
Toronto under Creative Commons Attribution-Share Alike 3.0).  
 
The specific sequence of the amino acids forming the peptide is known as the primary 
structure. Hence the choice of the primary structure will determine where the R groups 
which confer specific physiochemical properties are found in the peptide. The resulting 
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interactions from the R groups can then affect the structure adopted by the peptide. For 
example, in an aqueous solution, the hydrophobic amino acids found in a peptide will 
favour a structural conformation in which they are shielded, minimising unfavourable 
interactions with the bulk aqueous solution. Whilst polar amino acids would face the bulk 
solution, maximising favourable interactions. Charged amino acids, will play an 
important role in determining the kind and strength of interactions with other molecules 
and surfaces. Amino acids can therefore interact with other amino acids and molecules or 
surfaces through hydrogen bonding, electrostatic interactions, hydrophobic interactions 
etc. and some of these interactions will be more or less affected by solution conditions. 
This is especially true with the electrostatic interactions since they arise from the charged 
species which are pH dependant and will also be affected by ionic strength of the solution. 
This richness of interactions only grows with increasing number of amino acids and 
results in a delicate and complex interplay of forces which builds all the way up to how 
proteins fold and their eventual structure and function. Hence the overall structure and 
conformation of peptides is a direct result of both its primary structure and the solution 
conditions which together result in what is known as a secondary structure. Some 
common secondary structures include alpha helices and beta sheets which arise from 
hydrogen bonding within specific regions in the primary structure.  
 
1.3.2 Designer peptides 
 
The development of the technique known as solid phase peptide synthesis (SPPS) gave 
scientists the access to a potent tool which allowed for the synthesis of personalised amino 
acid sequences and could then be used to study structure-function relationships. 
Researchers now synthesize peptides with relative ease in the lab and have the option of 
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developing peptides inspired by known structures found in nature (biomimetic peptides) 
or develop entirely new sequences (de novo designed). They can then systematically alter 
the sequences to gain a better understanding on their design and function. A number of 
reviews have now covered some of the strategies used to design peptide based 
nanomaterials and the tremendous amount of structures which can now be created. 62-67 
Most of the advances were the result of carefully designed amino acid sequences inspired 
by natural motifs which could self-assemble into larger structures. The possibility to 
control and dictate self-assembly of molecules into larger structures is highly sought in 
the fields of nanotechnology. Self-assemble into supramolecular structures is an 
especially attractive bottom up approach for the creation of nanotechnology and 
nanomaterials. The potential application of peptides spans from cell culture and tissue 
engineering scaffolds, antimicrobial agents, drug and gene delivery and microfabrication 
of circuits.64 The self-assembly is generally induced by designing peptides which will 
exhibit a strong amphiphilic character in its secondary structure thus also making them 
highly surface active. Surfaces can be coated with antibacterial peptides, such as nisin a 
cationic peptide 34 amino acid residues long, and impart a significant antibacterial 
activity to the surface and can hence be used for implants or catheter materials, which are 
prone to high levels of infection.68, 69 Cell adhesion on surfaces can be controlled by using 
self-assembling peptides designed to expose amino acid sequences which promote cell 
adhesion or alternatively which inhibit non-specific adsorption of proteins and cells 
through changes in the surface’s physical properties.70 This remarkable range of 
application is a result of the highly specialised structures and sequences that have been 
developed to suit each situation. 
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1.3.3 Surfactant-like peptides 
 
Zhang’s group were one of the first to investigate the design and self-assembly properties 
of a subclass of designed peptides dubbed surfactant-like peptides.71-73 The rationale for 
their development stemmed from curiosity in trying to discover some of the simplest 
amphiphilic peptide sequences which could self-assemble. Incidentally, the structures 
developed mimicked linear surfactant like structures with a hydrophobic tail and a polar 
head. However, they are far more complex in terms of their molecular chemistry 
compared with conventional alky tail bearing surfactants. The amino acid R groups which 
decorate the polypeptide backbone of such peptides give them a rich physio-chemistry. 
The designed peptides were generally no more than 12 amino acid residues long, with the 
polar head having a maximum of two polar amino acids (such as lysine, arginine, 
histidine, aspartic acid or glutamic acid) and a sequence of hydrophobic amino acids (such 
as valine, isoleucine leucine or alanine). These surfactant-like peptides self-assemble 
much the same way as other surface active biomolecules such as lipids, but they can form 
nanostructures which are many times smaller in size.  
Initially self-assembly studies of the peptides were conducted in the bulk solution. Some 
of the negatively charged surfactant-like peptides studied included A6D, V6D, V6D2 and 
L6D, and have been shown to form nanotubes and nanovesicles.
74 Positively charged 
surfactant like peptides studied, include sequences such as A6K, V6K, and L6K and have 
also been observed to form nanotubes and nanovesicles.72, 75, 76 Their structures and 
potential applications have been recently reviewed.64, 67, 77, 78 The applications ranged 
from antibacterial use, drug gene delivery, nanofabrication templates and use in 
cosmetics. 
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More recently, studies had also worked on elucidating the adsorption behaviour and 
mechanisms of adsorption at different interfaces. Much like the studies conducted on 
conventional surfactants at the solid-water and air-water interface, the peptides adsorption 
behaviour was characterised with regards to changes with solution conditions such as pH 
and ionic strength.79-81 The behaviour of these surfactant-like peptides does resemble that 
of conventional surfactants with their high propensity to adsorb at interfaces and self-
assembling into structures both in solution and at the interface. However, so far their 
surfactant properties have not been investigated alongside conventional surfactants. 
Adsorption studies involving mixed solutions, such as were done with surfactant studies, 
outlined earlier in section 1.2, are also lacking and would be highly beneficial in order to 
expand their use into applications from mixed formulations. 
 
1.3.4 Alternative peptide sources 
 
Although the design and synthesis of peptides with specific amino acid sequences and 
structures has become more easily available with the advance of SPPS, this method is not 
feasible in terms of cost and yield for large scale production. The alternative method for 
peptide synthesis is by recombinant peptide production through bacterial expression.82 
However, even though in recent years costs have fallen and yields have increased its still 
relatively lengthy and costly, and SPPS has a better yield and speed of production for 
peptides below 20 amino acid residues  
If the design aspect of peptides is forgone, natural peptide sources can be considered as a 
valid alternative. For example, a new category of protein surfactants known as bio 
surfactants is gaining significant attention. Researches have now identified several classes 
of biosurfactants originating mostly in bacteria. These have the advantage of being 
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naturally occurring surfactant-like protein/peptides produced by microorganisms. The 
microorganism can be sustained on renewable resources as their feed making the process 
bio sustainable.25 This is an attractive option and many industries including food, 
cosmetics and biotechnology are researching its potential. 83-85 
Finally, another such alternative are hydrolysates of large proteins which contain 
functional peptide motifs in their structure. Hence these peptides can be liberated at the 
fraction of the cost, especially if produced from proteinaceous waste materials. Protein 
hydrolysates are generally achieved from either enzymatic digestion or by chemical 
processing (acid hydrolysis). Enzymatic digestion is more attractive, especially for use in 
food products, and there is a wide range of enzymes which have been reviewed for this 
purpose.86 Ultrafiltration of products into separate molecular weight fractions has also 
been used to help improve the functional properties of the hydrolysate product.87 A recent 
review has covered the potential for the release of biofunctional peptides from the 
processing of waste fish and shellfish. They have identified a range of protein hydrolysate 
peptides with biological activities such as antihypertensive, antioxidant, antimicrobial, 
and anticoagulant effects which can be liberated and recovered.88 Hydrolysates have also 
been studied for their improved surface active properties and as potential as surfactants.89, 
90 As such they are an attractive, relatively cheap, sustainable, green way of producing 
peptides with a wide range of possible applications depending on the parent proteins 
primary structure.  
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1.4 Silk Fibroin 
 
Silk fibroin is the major protein component found in silk filaments produced by living 
organisms such as silk worms and spiders. One of the most widely studied and used silk 
fibres comes from the silk worm Bombyx mori. Traditionally, silk worms have been the 
major source of silk for the textile industry, as they are more easily domesticated than 
spider silk. Silk fibres have been used as suture material for hundreds of years due to their 
biodegradability and biocompatibility. Processing methods have now allowed for silk 
fibroin to be regenerated (RSF) from the raw silk fibres and for new biomaterials to be 
fabricated from it. These include films, particles, coatings, hydrogels, sponges and 
scaffolds to name a few.91 Its extreme versatility has helped establish silk fibroin as an 
exceptional natural polymer which can be used as an alternative to many synthetic 
polymers and which exhibit weaker properties. As will be discussed in detail in section 
1.4.1 silk fibroin amino acid sequence is of great importance to its physiochemical 
properties and much research efforts have been going into understanding its structure and 
function. 
 
1.4.1 Molecular structure and composition 
 
Silk fibres are composed of fibroin filaments held together by a glue-like protein known 
as sericin. The sericin roughly amount to 25-30% of the total silk fibre weight 
composition. The exceptional mechanical and biocompatible properties of silk are 
believed to arise from the silk fibroin component found in silk and its unique repetitive 
molecular sequence.92 The full amino acid sequence of Bombyx mori silk fibroin has been 
sequenced and was found to be composed of two main macromolecules, a heavy chain 
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(390kDa) and a light chain (25kDa) linked together by a disulphide bridge (shown in 
Figure 1.6).93 The heavy chain is composed of 45.9% glycine, 30.3% alanine, 12.1% 
serine, 5.3% tyrosine, 1.8% valine, and only 4.7% of the other 15 amino acid types. The 
heavy chain fibroin contains repeating Gly-Ala-Gly-Ala-Gly-X amino acid sequence 
where ‘X’ can either be an Ala>Ser>Tyr>Val>Thr.94. This repeating sequence is also 
known as the crystalline component of silk fibroin. Each of these hydrophobic sequences 
is then followed by a repetitive length of an amorphous hydrophilic sequence. The above 
mentioned hexapeptide has a structure reminiscent of the surfactant-like peptides which 
have been discussed earlier in section 1.3.3. They have a hydrophobic tail like section, 
formed by the Gly-Ala repeats, followed by a polar amino acid such as Ser, which behave 
as the surfactant head group. This repeating amino acid motif should thus have the basis 
for a good surface activity when liberated. 
 
 
Figure 1.6 Molecular structure of silk fibroin chains from Bombyx mori. Reprinted with 
permission from Ha et al.93 Copyright 2017 American Chemical Society.  
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1.4.2 Regenerated silk fibroin 
 
The extraction procedure of silk fibroin from raw silk fibres results in regenerated silk 
fibroin (RSF). The procedure involves a degumming step to remove the sericin and then 
a dissolution process to solubilise the fibroin which is then dialyzed and filtered. The 
degumming procedure involves boiling the silk fibres in a salt solution (typically 0.02 M 
Na2CO3 for 30 minutes). This has known to affect the tensile strength of the degummed 
fibre and is thought to result in the degradation of the amorphous linkers and N- and C- 
terminus regions.95 Consequently the degumming time has been shown to affect the MW 
of RSF.96 The dissolution process involves the hydrolysis of chains by heating in solutions 
containing chaotropic salts. Many different dissolution protocols exist and have been 
reviewed for their effects on the RSF stability and MW.97 Common dissolution systems 
include 9.3 M lithium bromide or water: calcium chloride: ethanol (1:2:8 molar ratio). 
The method of silk dissolution has also been shown to affect the way in which the RSF 
molecules are hydrolysed yielding significantly different RSF molecular chains. The 
effect on MW has been reported by many studies.96, 98, 99 
It was found that changes to the MW composition of RSF due to different degumming 
times and procedures appear not to have any significant effect on its inflammatory 
potential.96 It should be noted that silk fibroin does cause a minor immune response but 
it has been shown that this minor response can help improve wound healing and was not 
deemed to be an obstacle for its use in vivo. 100 On the other hand recent studies have 
shown that when silk fibroin and sericin are found together they cause significant 
inflammatory reactions in patients but, unlike previously thought, sericin alone does not 
cause a strong immune response 101-103 and therefore correct degumming is very 
important. RSF has found many successful applications as a biomaterial.91 However the 
use of RSF peptides has not been explored as much. Studies are limited to investigation 
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of the solution properties such as its rheology and a few have explored possible 
protein/peptide structural conformations. 97, 104-107 
 
1.5 Research motivation 
 
As discussed in the literature review, steps have been taken in order to mitigate the 
environmental impact from the use of harsh surfactants derived from the petrochemical 
industry. The route to more environmentally friendly use of surfactants includes, moving 
towards the production of surfactants from renewable resources, development of new 
better designed surfactants, and strategies for reduced consumption or more efficient use 
of surfactants. Within this framework the use of biological molecules such as peptides for 
their surface active properties is a promising solution. Studies have shown that peptides 
can have very good adsorption behaviours both at the solid-liquid and air-liquid 
interfaces. Synthesis of such peptides can be done by SPPS, but a top-down approach to 
recover surface active peptides from larger proteins may be more viable. However, 
currently there are no studies which investigate the use of peptides in conjunction with 
conventional surfactants. The work presented in this thesis was thus undertaken to firstly 
investigate the use of surfactant-like peptides with conventional surfactants and then 
explore regenerated silk fibroin as a potential source of similarly surface active peptides 
and characterise its adsorption.  
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1.6 Outline of thesis 
 
Chapter one was designed to firstly introduce the reader to surfactants, their widespread 
use and the environmental concerns arising from their use. Then the science behind 
surfactant adsorption at interfaces and an account of the work carried out is discussed, 
followed by an introduction to peptides highlighting the work that had been carried out 
to mimic surfactant structures. The chapter ends with the introduction of silk fibroin and 
its structure highlighting the surface active potential of RSF solutions. 
Chapter two gives an account of the use and theory behind the fundamental instruments 
and techniques that were used to carry out the experiments reported in the thesis. 
Chapter three assesses the use of surfactant-like peptide, V6K, with conventional 
surfactants, SDS and C12TAB at the solid-liquid interface. Co-adsorption from mixed 
surfactant-peptide solutions as well as adsorption onto pre-adsorbed peptide layers and 
their respective adsorbed structures are discussed and evaluated. 
Chapter four investigates the adsorption behaviour of RSF at the solid-liquid interface. 
The adsorption behaviour and adsorbed layer structures are characterised with respect to 
RSF MW, concentration pH and salt concentration. The chapter ends with adsorption of 
SDS and C12TAB onto pre-adsorbed layers of RSF. 
Chapter five reveals the adsorption behaviour and surface adsorbed layer structures of 
RSF at the air-water interface. Particular attention is then given to the surface tension 
reduction caused by small additions of RSF to surfactant solutions. Some foaming studies 
are also carried out to help identify changes in the adsorbed layer at the air-water interface 
of the mixed solutions. 
Chapter six summarises the work reported in the thesis and gives ideas for future work.
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2 EXPERIMENTAL THEORY 
2.1 Neutron reflection 
 
2.1.1 Overview 
 
Neutron Reflection is an ingenious technique used to help reveal detailed information 
regarding structural features of thin films found at interfaces. These include structural 
information such as thickness, area per molecule, orientation, and composition at an 
interface. Its usefulness spans many different scientific and technological disciplines, 
from soft matter studies involving biological membranes and proteins to material sciences 
involving thin films and magnetic structures. Briefly, the technique involves the reflection 
of a beam of neutrons from an interface and upon reflection changes to the beam’s 
intensity are measured by a neutron detector. In essence the technique is not too different 
from certain analogous techniques which utilise X-rays, electrons or visible light to probe 
structural features. However, several important features separate neutron reflection and 
give it a truly remarkable advantage, especially when investigating soft matter systems. 
With regards to the experiments carried out, four features were identified as most 
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significant. Firstly, neutrons interact delicately with matter, unlike X-rays or electrons 
which can be highly ionizing and can easily damage or destroy delicate samples. 
Secondly, neutrons can penetrate deeper into samples enabling buried interfaces and 
structures to be studied and allowing for a greater freedom when designing and facilitating 
complex experimental setups (e.g. for controlling pressure, temperature or applying 
magnetic fields etc.). Thirdly, a technique known as isotopic substitution can be used to 
selectively enhance contrast and label parts of molecules or systems making it easier to 
distinguish and quantify molecules and their relative compositions. Finally, the ability to 
study structures down to an angstrom level resolution. All of these features have been 
exploited for the experiments carried out, and in the following sections all the relevant 
background theory will be discussed. 
 
 
Figure 2.1 A miniature model of the ISIS neutron facility found at the front entrance to 
the ISIS control room. 
 
Chapter 2: Experimental Theory 
36 
2.1.2 Neutron production and facilities 
 
Figure 2.2 Basic spallation source layout for neutron production and instrument facilities 
at ISIS. 
 
Experiments were carried out at the ISIS facilities (Rutherford Appleton Laboratory, 
Oxfordshire, UK), which employs a spallation source for the production of neutrons. 
Neutrons can be produced in a number of ways, but in broad terms large scale neutron 
facilities depend upon either a spallation source or a nuclear reactor. A complete 
discussion of neutron production and facilities is beyond the scope of this thesis and only 
neutron production at ISIS will be outlined (Figure 2.2).  
At ISIS the most iconic sight is probably the 800 MeV proton accelerator, with its huge 
circular structure, it’s the heart of the facility and of the process of neutron production. 
The spallation source can be subdivided into two distinct structures, an injector (linear 
accelerator) and a synchrotron. The injector‘s job is to begin the acceleration of the H- 
ions (two electrons and a proton) produced by the ion source and separate them into 
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“bunches”. Before entering the synchrotron, the linear accelerator brings up the speed of 
the H- ions to 37% of the speed of light. Upon entering the synchrotron, the H- ions go 
through a thin foil of alumina which strips the electrons leaving a beam of protons. The 
beam of protons is further accelerated and directed along the 163 m circular synchrotron 
path with the use of strong magnets and radio frequency electric fields. After completing 
12,000 revolutions around the synchrotron the protons reach 84% of the speed of light. 
At this point the proton beams have gained enough kinetic energy and exit the circular 
synchrotron and are made to collide with one of the two tungsten targets (located at target 
station 1 and target station 2). The impact caused by the high energy proton beams cause 
neutrons to shoot out from the nuclei of the target. Following their ejection from the 
nuclei, the kinetic energy of the neutrons is too high for their immediate use by 
instruments and therefore it is necessary to slow them down. To achieve this, the neutron 
beam is passed through a series of moderator tanks which consist of tanks filled with 
water, liquid methane or liquid hydrogen. The neutron instruments are scattered along the 
moderated neutron beams at varying distances and positions according to the neutron 
characteristics required such as intensity, angle, spin and energy needed by each specific 
instrument. Experiments were conducted on either SURF (target station 1) or INTER 
(target station 2), which are two of the five neutron reflectometry instruments found at 
ISIS. Further details regarding the two instruments and its operation are discussed in 
section 2.1.4. 
 
2.1.3 Neutron reflection theory 
 
Neutron reflection is a scattering technique used to probe the structures at interfaces. Its 
advantages over other scattering techniques arise from the fundamental interactions 
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neutrons have with matter. In order to understand how neutron reflection works some 
basic physics knowledge regarding neutrons and their scattering behaviour is initially 
covered.  
 
 
Figure 2.3 A, Wavelengths of electromagnetic waves across the electromagnetic 
spectrum, B, schematic of the scattering of electron, X-ray and neutron beams at the 
atomic level.108 
 
Neutrons have no charge, and alongside protons (positively charged) and electrons 
(negatively charged) make up the major elements which constitute an atom. Both 
neutrons and protons reside at the very heart of the atom forming the nucleus. Electrons 
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on the other hand surround the nucleus forming an ‘electron cloud’ and give the atom its 
overall size. However, it’s important to note that the nucleus of the atom (which holds the 
vast majority of the mass) occupies only a fraction of the space (in the order of 10-4 to 10-
5 of the overall size). This has fundamental implications on the scattering behaviour of a 
beam of particles as discussed below and shown in Figure 2.3. 
For example, a beam of electrons would interact with the outer electron cloud of an atom 
and will be deflected by strong electrostatic interactions. This stops electrons from 
penetrating deeper than less than a fraction of a micrometre of any given sample, and 
hence its scattering will yield information only of a sample’s outermost surface.  
X-rays are part of the electromagnetic spectrum and possess both oscillating electric and 
magnetic fields. Compared to visible light, X-rays have a much shorter wavelength and 
can penetrate deeper into a sample than electrons (as X-rays do not possess a fixed 
charge). However, the oscillating magnetic and electric nature of X-rays causes weak 
interaction with the electron cloud which will eventually cause it to scatter (generally, a 
few millimetres of aluminium will completely stop X-rays). 
Neutrons on the other hand, do not possess a charge and thus are unaffected by 
electrostatic repulsive forces and can therefore penetrate all the way into an atom, past 
the electron cloud, and scatter only upon interaction with the nucleus. It should be noted 
that if the sample has magnetic properties, magnetic scattering of neutrons will also occur 
but will not be considered as it’s beyond the scope of the discussion. Unlike the 
electrostatic force, the strong nuclear force responsible for the scatter of neutrons, acts 
only over a minute distances of 10-15 m. This adds to the notion that an atom is mostly 
empty space, resulting in neutrons scattering very poorly. The poor scattering can be 
considered a double edge sword, as it allows for unprecedented penetrating ability 
(several centimetres of aluminium) and therefore the opportunity to study interfaces 
Chapter 2: Experimental Theory 
40 
buried deep in a system but with the drawback of requiring large sample quantities/surface 
area for a reasonable scattering signal to be detected.  
Another important characteristic of neutrons is its wave like behaviour. As discussed 
earlier neutrons are subatomic particles. They have a mass and apparent volume but they 
can also be described in terms of wavelength (wave-particle duality). 
Classical mechanics assigns a particle with mass, 𝑚𝑛 , and speed, 𝑣, a momentum, 𝑝, 
through 
𝑝 = 𝑚𝑛𝑣 
(2-1) 
 
On the other end De Broglie’s proposal (1923), building up upon Planck’s work, relates 
a particle’s momentum, 𝑝, with a wavelength, λ:  
𝜆 =
ℎ
𝑝
 
(2-2) 
 
Where ℎ = 6.626x10-34 Js and is known as Planck’s constant.  
The two can then be linked through the kinetic energy equation to give 
𝐸 =
1
2
𝑚𝑣2 =
ℎ2
2𝑚𝑛𝜆2
 
(2-3) 
 
Hence a neutron’s energy and wavelength can be determined. 
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In scattering theory its convention to refer to neutrons by its wavenumber, k, where k= 
2π/𝜆 or its vector, wavevector k, who’s modulus is equal to k. Using the above notation, 
a scattering event can be described in terms of its momentum transfer, Q, and energy 
transfer, E 
𝑄 = 𝒌𝒊 − 𝒌𝒇 
(2-4) 
𝐸 =  𝜔𝑖 − 𝜔𝑓 
(2-5) 
 
Figure 2.4 shows this in terms of an incident neutron particle with wavevector, ki, and 
angular frequency ωi, which upon scattering has a wavevector kf and angular frequency 
ωf, where ω=2πf. 
 
 
Figure 2.4 Wavevector and angular frequency of a neutron scattering event.108 
 
In the special case of elastic scattering, as is neutron reflection, there is no exchange of 
energy, hence E=0 and there will be no change in the wavelength, 𝜆, following scattering. 
Which means |ki|=|kf|=2π/𝜆, thus the momentum transfer describing the scattering event 
as determined by the vector diagram shown in Figure 2.5, can be solved to give: 
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𝑄 =
4𝜋𝑠𝑖𝑛𝜃
𝜆
 
(2-6) 
 
 
Figure 2.5 Vector diagram for a neutron reflection event.108 
 
We can use the above relationship relating momentum transfer to angle of incidence and 
neutron wavelength to control the range of Q values over which we can create an intensity 
profile of specular reflection to help reveal structures found at the interface. 
This is described well in equation (2-7) below, known as the Kinematic (or first Born) 
approximation which was applied to specular reflection by Crowley.109 The equation 
shows reflectivity as a function of Q with the reflectivity falling sharply with increasing 
Q but also that reflection of neutrons from a surface is influenced by changes in the 
scattering length density (𝜌) perpendicular to the surface. 
𝑅(𝑄) ≈
16𝜋2
𝑄2
|?̂?(𝑄)|2 
(2-7) 
 
Where ?̂?(𝑄) is the one dimensional Fourier transform of 𝜌 
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?̂?(𝑄) = ∫ exp(−𝑖𝑄𝑧) 𝜌(𝑧)𝑑𝑧
∞
−∞
 
(2-8) 
 
And 𝜌 is the scattering length density of an element or material, and can be calculated 
from the sum of the number density 𝑛 of an element 𝑖 with scattering length 𝑏 
𝜌 = ∑ 𝑏𝑖𝑛𝑖 
(2-9) 
 
As shown above, the scattering of neutrons by a specific elements is given by the 
scattering length, 𝑏𝑖 , which is determined experimentally and can then be used to 
calculate the SLD for specific molecules or a material found at an interface. Hence 
changes in the SLD are a direct indication of the molecular composition found at the 
interface and result in measurable changes to the R(Q) profile and is the basis for neutron 
reflection experiments.110 
However, it’s important to note that equation (2-7) is an approximation and is not 
sufficient to describe the full range of reflectivities which may be needed. This is due to 
the failure to account for the critical angle at which total reflection occurs and 
consequently becomes a bad approximation at capturing the effects at reflectivities 
greater than ⁓10-3 (approaching the critical angle). Instead a more exact and preferred 
solution for the calculation of reflectivity profiles can be obtained by applying standard 
optics with the use of Fresnel’s equations.111  
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To do this an analogous definition of refractive index is applied to neutrons in such a way 
that Snell’s law can be used to define the critical angle at which total external reflection 
occurs and then be incorporated into the Fresnel equations.112 
 
 
Figure 2.6 The interface between two bulk media with refractive indices n0 and n1, with 
transmitted and reflected wavevectors k0 and k1, at angles θ0 and θ1. 
 
The neutron refractive index at a boundary between two media is defined as  
𝑛 =
𝑘1
𝑘0
 
(2-10) 
 
Where 𝑘0  and 𝑘1  are the wavevectors in the first and second medium respectively. 
Furthermore, for a medium 𝑖 the neutron refractive index can be shown as, 
𝑛𝑖 = 1 −
𝜆2𝜌𝑖
2𝜋
 
(2-11) 
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Where 𝜌𝑖 is the scattering length density of the medium and from which we can then find 
the critical angle, 𝜃𝑐, below which total reflection occurs for neutrons at the interface 
between mediums , 𝑛1 and 𝑛0  
𝑐𝑜𝑠𝜃𝑐 =
𝑛1
𝑛0
 
(2-12) 
 
When 𝜃 ≤ 𝜃𝑐  reflectivity from the Fresnal equation will be unity and when 𝜃 ≥ 𝜃𝑐,  
𝑅 =  |
𝑛0𝑠𝑖𝑛𝜃0 − 𝑛1𝑠𝑖𝑛𝜃1
𝑛0𝑠𝑖𝑛𝜃0 + 𝑛1𝑠𝑖𝑛𝜃1
|
2
 
(2-13) 
 
The above equation is for a single interface but the Fresnel reflection can also be applied 
to multilayers (as shown in Chapter 2.2.2, Theory of light reflection for Ellipsometry, but 
with angles measured to the normal), where the equation accounts for neutrons which are 
reflected back and refracted at the interface of each layer.112 Furthermore, it should be 
noted that the above equations assume that the interface is completely smooth. In 
experimental setting however, changes in the surface topography (roughness) which are 
in the same length scales as the neutron wavelength used are likely to affect the reflection 
of neutrons. Changes to the surface roughness in that length scale generally result in a 
change to in the reflection similar to when a diffuse interface is present. Névot and 
Croce113 found that such diffuse layers or roughness, can be modelled by applying a 
Gaussian roughness factor such as Debye-Waller factor. Cowley and Ryan114 then 
extended its application to Fresnal coefficients for use at the interface of thin films. 
Inclusion of such a factor allows control over an SLD gradient across the modelled layer. 
Most reflectivity software packages are capable of calculating all of the above (reflection 
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from multilayers and roughness factor) through the use of matrix calculations known as 
optical matrix methods. The use of optical matrix methods, such as the Born and Wolf 115 
optical matrix method, makes calculations computationally more efficient. The work 
outlined in this thesis was carried out using a software, Motofit116, which uses Abeles 
method111 which allows for a roughness factor to be included in the calculations.  
 
2.1.4 Experimental method 
 
 
Figure 2.7 Setup of neutron reflectometry instrument chamber. 
 
Experiments were conducted at either INTER or SURF reflectometry instruments. 
INTER is the most recently built instrument (completed in 2008) of the two. Both 
instruments have very similar setups resembling  
Figure 2.7. The only major differences are in the neutron wavelengths, flux and angle of 
incidence entering the instrument. INTER uses neutron wavelengths between 1-17 Å with 
angle of incidence of 2.3˚, as opposed to 0.5-7 Å and an angle of incidence of 1.5˚ on 
SURF. From equation (2-6) it is then possible to infer that a larger wavelength range 
results in a much broader Q range available for measurement. This can have practical 
implications on the running of experiments, as more angles are necessary on SURF to 
achieve a full Q range. Also the neutron flux is 10x greater on INTER than SURF which 
significantly improves acquisition times but essentially won’t make a difference to the 
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quality of the results as experiments are conducted with a predetermined neutron exposure 
(neutron count) as the end point. In Figure 2.7 the slits prior to the sample position (S1 & 
S2) are used to adjust the beam area that will illuminate the sample. Illuminating a larger 
area allows for faster and better acquisition of reflectivity from the sample. Whilst the 
silts found after the sample (S3 &S4) can be used to help reduce any background noise 
from the scattering reaching the detector. The sample stage can be moved in the x, y and 
z directions and is mounted on a goniometer which allows for the stage to be tilted to 
control the precise angle of incidence reaching the sample and consequently the detector 
position will be adjusted to receive the reflected beam. Since the sample stage cannot be 
tilted when measuring air/liquid experiments the neutron beam is deflected instead to the 
desired angle by using a supermirror found prior to the sample stage. 
Samples for solid/liquid experiments were conducted using polished silicon blocks (1.2 
x 4.0 x 6.0 cm) which were treated with Piranha solution (6:1 ratio of 98% H2SO4 to 35% 
H2O2) to yield a clean hydrophilic oxide layer. Sample adsorption on these blocks was 
achieved with the use of Perspex troughs of matching size which could hold 2ml of 
sample solution in its lumen. The Perspex trough was clamped onto the silicon blocks 
with the aid of two rectangular aluminium plates which could be screwed together. The 
silicon block and the Perspex trough were thus sandwiched in between and adhered tightly 
to each other. The troughs were designed with a side inlet and outlet tube which was used 
to inject the sample solutions for adsorption. Upon completing each experiment, the setup 
was dismantled and cleaned with Deacon 90 (Decon Ltd., Hove, UK), rinsed with plenty 
of UHQ water and blow dried with nitrogen gas. For air/liquid experiments the samples 
were allowed to equilibrate on Teflon troughs which were secured to the neutron 
reflection stage on an anti- vibration table inside of a closed chamber which maintained 
environmental conditions stable. Once experiments were conducted the troughs were 
cleaned with Deacon 90 and rinsed with plenty of UHQ water. 
Chapter 2: Experimental Theory 
48 
 
2.1.5 Contrast variation 
 
 
Figure 2.8 Contrast variation at the Air/liquid interface. 
 
Contrast variation is a very useful technique that can be applied to neutron reflection 
experiments to gain improved scattering or selective scattering of layers in order to 
enhance the reflectivity. For example, if neutron reflection were to be carried out at the 
air/water interface, the very low SLD of H2O (-0.56 x 10
-6 Å-2) would result in very poor 
scattering making the interface difficult to detect. Hence contrast variation by using D2O, 
which has a much higher SLD (6.35 x 10-6 Å-2) would give a very strong scattering signal 
from the interface. Furthermore, in the case of an adsorbed sample, which doesn’t have a 
very strong scattering (as shown in Figure 2.8), isotopic substitution of H with D can be 
used to improve its scattering. In addition, Figure 2.8 illustrates a possible use of contrast 
matching, in this case the SLD of the subphase was made to match that of air by using a 
mixture of H2O and D2O yielding null-reflecting water (NRW). In the example the signal 
in Figure 2.8 arises exclusively from the adsorbed deuterated sample  
 
Chapter 2: Experimental Theory 
49 
2.1.6 Neutron data analysis 
 
Neutron reflection experiments result in a reflectivity curve, in order to extract 
meaningful information from the reflectivity data regarding the layer structures an 
appropriate model which fits the data needs to be produced. To do this MOTOFIT was 
used as a data fitting software.116 The software allows the user to divide an interface into 
any number of layers and assign values for thickness, SLD and roughness. The user can 
therefore create an appropriate model by assigning all known values whilst leaving other 
values free for the software to fit. The software will calculate a reflectivity curve and 
compare it with the experimental data and evaluate their similarity in terms of chi squared,  
𝜒2 = ∑ {
(𝑅𝑓 − 𝑅𝑒)
2
𝜎2
}
𝑛
 
(2-14) 
 
Where n is the number of data points, 𝑅𝑓  and 𝑅𝑒  are the reflectivities for fitted and 
experimental data and  𝜎 is the standard error.  The software will attempt to minimise the 
value of 𝜒2 by least square iterations of the values that need fitting. To improve this 
procedure, values which need fitting are kept to a minimum and constrained within 
specific ranges (so that unrealistic but mathematically possible fits are excluded) and the 
overall number of layers is also kept to a minimum so as to avoid overfitting. In addition 
to that, the best way to validate a model is to have multiple runs which make use of 
isotopic substitution to yield different reflectivities which need to then fit the same general 
model. 
Chapter 2: Experimental Theory 
50 
Once a good fit is achieved, through the use of some simple equations the fitted values 
for thickness and layer SLD can be used to reveal more detailed information regarding 
volume fraction, area per molecule and surface excess. 
For example, if a two component adsorption was being studied, such as surfactant and 
peptide in water, the volume fraction and scattering length density of a layer can be 
expressed using the following equations: 
ρ = ρpφp + ρsφs + ρwφw 
(2-15) 
φp + φs + φw = 1 
(2-16) 
 
where ρ is the total scattering length density of a layer and ρp, ρs, and ρw are the known 
individual scattering length densities of peptide, surfactant and water, and φp, φs and φw, 
are the respective unknown volume fractions of the components found in the layer which 
add up to one. In this case, since there are three unknowns, the volume fraction of each 
component cannot be solved directly. In order to solve such an equation, contrast variation 
or isotopic substitution with a deuterated version of the surfactant or peptide can yield 
two independent equations allowing for the volume fraction for both components to be 
solved. Once the volume fractions have been calculated the surface area per molecule (A) 
can be calculated using  
A =
Vp
τφp
 
(2-17) 
 
where Vp is the volume of the peptide. The surface excess (Γ) can then be calculated by 
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Γ =
MW
6.02A
 
(2-18) 
 
where MW is the molecular weight of the molecule. 
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2.2 Ellipsometry 
 
2.2.1 Overview 
 
Ellipsometry is an optical technique which uses visible light to probe optical properties 
of materials by measuring two quantities known as Del and Psi (discussed in section 
2.2.2).These quantities are then used alongside an assumed model of the interface to 
calculate material properties such as film thickness and layer composition. Ellipsometry 
is widely used to study thin films and surfaces and has been used in fields ranging from 
microelectronics to materials science and chemistry117, Tompkins gives an excellent 
review of its versatile uses118. The technique is ideally suited for studying the adsorption 
of soft matter at surfaces as it does not perturb the surface and does not damage the soft 
matter. Additionally, it has the advantage of measuring real time data so that kinetics of 
adsorption can be studied with a high degree of accuracy and with angstrom level 
resolution. The following sections will give a solid background on the theory behind the 
use of Ellipsometry and how the equipment was used to carry out experiments and make 
reliable conclusions on soft matter adsorption.  
 
2.2.2 Theory of light reflection for Ellipsometry 
 
Ellipsometry measures the changes to the polarisation of a beam of light upon reflection 
from a surface. To understand better how this is done and what this means it is first 
necessary to understand a few basic concepts regarding light waves and polarisation. 
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Figure 2.9 P-polarised and s-polarised light reflecting off a surface. 
 
Visible light is an electromagnetic wave and as such it possesses both an electric and 
magnetic field component which oscillates in the form of a sine wave perpendicular to 
the direction of propagation. With regards to Ellipsometry and the work carried out the 
magnetic component of the wave has no influence. Light from an unpolarised source has 
electric field components oriented in all possible directions perpendicular to the direction 
of propagation. Polarised light is achieved when the direction of the electric field 
component is aligned in one specific plane (plane polarised). It is convention to refer to 
light polarised in the plane of incidence as p-polarised light whilst light polarised 
perpendicular to the incidence plane as s-polarised light (as shown in Figure 2.9). Also 
plane polarised light can be referred to as linearly polarised light. This term arises from 
mentally visualising the trace of the polarised light wave when observed head on, i.e. it 
will yield a straight line. 
Next it’s important to understand how two linearly polarised light beams will interact if 
they are combined along the same path. To keep things simple let’s consider two beams 
which are perpendicular to each other and have the same phase difference (the troughs of 
both waves are aligned) and same amplitude (same electric field strength), similar to the 
incident beam in Figure 2.9. When two such waves are combined it will result in a 45˚ 
linearly polarised light beam. If the amplitude of the waves were to be changed it would 
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result in a change in the angle of the resultant polarised light. However, if the two original 
light beams were made to be out of phase with each other by a set amount, the resulting 
light beam will result in elliptically polarised light. This term stems from the shape made 
by the direction of the polarised light when observed head on which has now changed 
from the previously discussed straight line to an ellipse. The degree by which an elliptic 
form is achieved is determined by how much the beams are out of phase as well as the 
amplitude. (for example beams of same amplitude but 90˚ out of phase result in circularly 
polarised light) It is in fact the measure of this property of polarised light which gives the 
technique its name, Ellipsometry. 
Reflection of a polarised light beam from a surface will cause changes to the polarised 
light it is important to understand how polarised light reflected from a surface can be used 
to reveal information about the surface. To do that the behaviour of light travelling across 
different mediums/materials must first be examined.  
 
 
Figure 2.10 Incident light, i, is transmitted into medium n2 at an angle 𝜑. 
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The physical properties of a medium can affect the velocity of light travelling through it. 
This characteristic of a given medium can be described by the complex index of refraction 
given by 
 
?̃? = 𝑛 − 𝑗𝑘 
(2-19) 
 
Where n is the index of refraction, and k is the extinction coefficient of the imaginary part 
of the equation. For a dielectric material such as glass, which does not absorb any of the 
light energy, k=0, therefore only the index of refraction is considered. The index of 
refraction refers to the velocity, v, of the light wave travelling through the material relative 
to the speed of light in a vacuum, such that n=c/v, where c is the speed of light in a 
vacuum. Also it should be noted that both n and k are functions of the wavelength 𝜆, such 
that when 𝜆 increases both n and k fall following the equations 
𝑛(𝜆) = 𝑛1 +
𝑛2
𝜆2
+
𝑛3
𝜆4
 
(2-20) 
𝑘(𝜆) = 𝑘1 +
𝑘2
𝜆2
+
𝑘3
𝜆4
 
(2-21) 
 
This behaviour is exemplified by the refractive action of a prism capable of separating 
the component wavelengths of a white light source (blue light experiences a higher 
refraction index than red light which has a higher 𝜆). The above explains how different 
𝜆’s experience different refractive indices but a different equation is needed to describe 
the change in path of the light beam due to the refractive property of the material. This 
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behaviour is encapsulated by Snell’s law which relates the refracted angle with the 
refractive indices of the material in which the light travels through  
𝑛1𝑠𝑖𝑛𝜑1 = 𝑛2𝑠𝑖𝑛𝜑2 
(2-22) 
 
Where 𝜑1, 𝜑2 are the angles to the normal of the surface made by the light beam (shown 
in Figure 2.10). The above equation deals with the trajectory of light transmitted across 
an interface to another medium, however it does not consider the part of the light wave 
which is reflected from an interface. The Fresnel reflection coefficient is used at an 
interface to determine the ratio between the reflected wave amplitude with that of the 
incident wave amplitude given by  
𝑟𝑝 =
𝑛2𝑐𝑜𝑠𝜑1 −  𝑛1𝑐𝑜𝑠𝜑2
𝑛2𝑐𝑜𝑠𝜑1 +  𝑛1𝑐𝑜𝑠𝜑2
 
(2-23) 
𝑟𝑠 =
𝑛1𝑐𝑜𝑠𝜑1 − 𝑛2𝑐𝑜𝑠𝜑2
𝑛1𝑐𝑜𝑠𝜑1 + 𝑛2𝑐𝑜𝑠𝜑2
 
(2-24) 
 
Where 𝑟𝑝  and 𝑟𝑠  are the p-polarised and s-polarised reflection coefficients. Since the 
intensity of a light wave is proportional to the square of its amplitude, the reflectance 
R=|𝑟|2, for p-polarised and s-polarised light respectively. 
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Figure 2.11 Reflection from multiple layers. 
 
However, as it stands, the above Fresnel reflection coefficient is valid only for a single 
interface, if there are more interfaces a significant component from the transmitted light 
is also reflected back at each interface and has to be accounted for. The ratio of the 
reflected amplitude wave to the incident wave, including the reflected component from 
each transmission across the interfaces, is then given by the total reflection coefficients   
𝑅𝑝 =
𝑟12
𝑝 + 𝑟23
𝑝 𝑒−𝑗2𝛽
1 + 𝑟12
𝑝 𝑟23
𝑝 𝑒−𝑗2𝛽 
 
(2-25) 
𝑅𝑠 =
𝑟12
𝑠 + 𝑟23
𝑠 𝑒−𝑗2𝛽
1 + 𝑟12
𝑠 𝑟23
𝑠 𝑒−𝑗2𝛽 
 
(2-26) 
 
Where 𝑟𝑝and 𝑟𝑠are the Fresnel reflection coefficients between each interface, noted by 
the subscript number, and 𝛽 is the film phase thickness given by, 
𝛽 = 2𝜋 (
𝜏
𝜆
) 𝑛2𝑐𝑜𝑠𝜙2 
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(2-27) 
 
where 𝜏 is the thickness of the layer. 
Finally, having now examined the trajectories and reflectivity of a polarised light beam 
from a surface the changes to the light beam’s phase and amplitude upon reflection can 
be linked together through the fundamental equation of Ellipsometry 
 
𝜌 = 𝑡𝑎𝑛 𝜓𝑒𝑗Δ 
(2-28) 
 
Where Δ (Del), is the resulting change in phase upon reflection of the polarised waves 
and is defined by  
Δ = 𝛿1 − 𝛿2 
(2-29) 
 
Where 𝛿1 is the phase difference between the p-polarised wave and the s-polarised wave 
of the incident beam and  𝛿2 is that of the reflected wave. 
And the quantity ψ (Psi) is the amplitude change upon reflection and is defined through 
𝑡𝑎𝑛 𝜓 =
|𝑅𝑝|
|𝑅𝑠|
 
(2-30) 
 
Where |𝑅𝑠|  and |𝑅𝑝|  are the magnitudes of the amplitudes of the total reflection 
coefficients. 
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2.2.3 Experimental method 
 
A Jobin-Yvon UVISEL spectroscopic Ellipsometry (Horiba Ltd. Japan) was used to carry 
out the experiments. Measurements were taken across a wavelength range of 300 to 600 
nm with a fixed incidence angle of 70˚. The experiments were carried out in a liquid cell 
which can hold a maximum volume of ~1.2 ml. The liquid cell was placed on the stage in 
a position which allows for the light beam to enter and leave the liquid cell through the 
fused quartz windows and reach the detector unobstructed. A silicon wafer with a known 
oxide layer thickness was placed in the liquid cell and was used to double check that the 
readings were not affected by misalignment or window position. The liquid cell was then 
fixed in this position using Blu-Tack or sticky tape and experiments were conducted. 
After each experiment the cell was cleaned with Decon 90 and rinsed with plenty of UHQ 
water. 
 
 
Figure 2.12 Ellipsometer setup used for experiments. 
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2.2.4 Ellipsometry data 
 
The measurements were analysed using the official software DeltaPsi II provided by 
Jobin-Yvon. Appropriate models were constructed to reflect the number and type of 
layers present in the experiments. For example, a model for the adsorption of a peptide 
on a silicon wafer would include three layers, crystalline silicon as backing, an amorphous 
silicon oxide layer, and top most a peptide layer. Values for the layers could be found in 
the software material library or through experimental data. A typical experimental run 
will firstly involve measuring the bare oxide layer and inputting this information into the 
constructed model (thus reducing the number of unknowns) and then carrying out the 
peptide adsorption and then fitting the new data using the model.   
For extremely thin films (less than 100 Å) the Ellipsometry cannot distinguish between 
the contribution from the layer thickness and its refractive index. This is because at that 
length scale the two values become closely interlinked and therefore calculations of 
surface excess are considered to be the best output measure. The surface excess is 
calculated using De Feijter’s equation 119  
Γ =
𝜏(𝑛1 − 𝑛2)
𝑑𝑛 𝑑𝑐⁄
 
(2-31) 
 
Where 𝑛1 is the refractive index for the sample solution and 𝑛2 is that of the buffer and 
dn/dc is the change in the refractive index with concentration and has a value of 1.8 
cm3 g−1 for peptide solutions.120 
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2.3 Surface tension 
 
2.3.1 Overview 
 
Surface tension is a very simple technique which can be used to measure the surface 
tension of liquids. It is widely used in surfactant studies, characterisation of formulations 
for paints and coatings and adsorption studies. Changes in surface tension values give an 
indication on changes that occur at the interface as molecules adsorb and in some cases 
they also give an insight into changes occurring in the bulk solution. The following 
sections will explain the theory behind surface tension and the experimental method for 
collecting the data.  
 
2.3.2 Theory of surface tension 
 
 
Figure 2.13 Cohesive forces shown acting on molecule in the bulk and at the interface 
(red). 
 
Surface tension is a measurable force that occurs at the interface between two immiscible 
liquid phases such as liquid/liquid or air/liquid. Cohesive forces between molecules are 
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responsible for the manifestation of surface tension. It arises from an imbalance in the 
forces experienced by a molecule found in the bulk compared to a molecule found at the 
interface. In the bulk a molecule is surrounded in all directions by other molecules and is 
able to form attractive interactions which lower its free energy. At the interface, the 
molecule can only establish cohesive interactions with a limited number of molecules and 
hence have a higher free energy. At all times the molecules will try to reduce its free 
energy and therefore will try and assume a minimal area, or in other words work is needed 
to form a new surface, which leads to liquids forming a drop like shape. Surface tension 
is thus a measure of a liquids cohesive forces and its resultant effect on the interface and 
is given by 
𝛾 =
𝑑𝐺
𝑑𝐴
 
(2-32) 
 
Where G is the interfacial free energy and A is the interfacial area. 
There are several methods for measuring the surface tension which include drop 
shape/volume analysis, capillary rise and tensiometer. In this discussion we will limit 
ourselves to explaining the theory behind tensiometer measurements. 
Tensiometer measurements rely on measuring the direct force experienced by an object 
in contact with the interface. There are three main variations in tensiometer methods 
which rely on different ‘objects’ which are: Wilhelmy plate, Du Nouy ring and Dyne 
probe. The same physics apply for all three methods and the only difference arises in their 
geometry and operation which in some special cases maybe preferred over another.  
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Figure 2.14 Liquid pulling onto a plate, with a wetted perimeter L shown in red and a 
contact angle θ. 
 
A tensiometer employs a high accuracy microbalance to measure the forces experienced 
by an object in contact with a liquid’s interface. When an object penetrates the interface 
there are three main forces that affect the tensiometer readings; the surface tension, weight 
of the object and upthrust. The weight of the object is known and the effect of upthrust is 
eliminated by bringing the object to the same level as the interface. This leaves the surface 
tension component which acts on the wetted perimeter of the object as shown in Figure 
2.14, thus  
𝛾 =
𝐹
𝐿. 𝑐𝑜𝑠𝜃
 
(2-33) 
 
Where F is the force measured by the tensiometer, L is the wetted perimeter and θ is the 
contact angle. Most tensiometer can get rid of the contact angle value by using roughened 
platinum as the contact material since it has optimal wetting and brings the contact angle 
close enough to zero.  
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2.3.3 Experimental method 
 
 
Figure 2.15 Kruss surface tensiometer equipment. 
 
A K11 tensiometer (Kruss, Germany) was used to make surface tension measurements 
by using a platinum Wilhelmy plate (19.90 x 0.20 x 10.00 mm) with a wetted perimeter 
of 40.20 mm. Prior to each experiment the Wilhelmy plate was cleaned by rinsing in 
Decon90 and UHQ and then flame heated until incandescent and then allowed to cool. 
Samples were pipetted into a small glass beaker which fits into a temperature controlled 
sleeve (connected to a water bath cooler set at 20˚C) positioned directly under the 
Wilhelmy plate. The sample stage was then raised close enough to the Wilhelmy plate for 
the instrument to then take control and detect the sample surface and for the 
measurements to begin. Measurements were stopped when the standard deviation fell 
below 0.075 mN/m. Before each measurement the cleanliness of the system was checked 
by confirming a reading of 72.8 mN/m for UHQ.  
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2.4 Foaming Studies 
 
2.4.1 Overview 
 
Foams are used in a range of applications from food preparation to detergent action and 
manufacture of materials such as Styrofoam.1 The ability for a solution to foam and 
maintain a foam structure over time is closely related to what goes on at the interface. As 
such changes in the foaming behaviour can help indicate interactions between molecules 
in the solution and at the interface. 
2.4.2 Foaming Theory 
 
There are solid foams and liquid foams. Foams are found in foods (cakes, pastries, bread, 
meringues and soufflés) as well as personal care and hygiene products and can be used in 
materials such as metals and ceramics.18 
As mentioned above some foams can be used to create solid structures however in this 
work we will only focus only on liquid foams which are mixtures of gas inside a liquid 
phase. Common to all liquid foams, is that they cannot be created in a solution of the pure 
liquid (unless highly viscous), there has to be a surface active compound or particulate 
present for a foam to be generated and maintained.121, 122 
Foaming theory is thoroughly covered in a review by Pugh.123 
There are many methods which have been adopted to create foams, from physical 
methods which force gas into a solution such as by agitation, to the use of chemical 
reactions for the production of gas from within the solution itself as in the case of 
fermentation. All foams are thermodynamically unstable, but can be separated according 
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to their foam stability into two types - Transient foams and metastable foams, with classic 
examples of each being champagne and beer respectively.123 
The instability of foams is evident in the above mentioned foams, and in most cases it is 
easily observed to be the result of drainage of the liquid phase and coalescence of 
neighbouring bubbles. These lead to a thinning of the bubble interface (lamellae) and 
eventually result in the rapture of the surface and consequent foam collapse. Additionally, 
a less evident cause of foam collapse is the net diffusion of gases across the thin bubble 
interface from small bubbles to larger bubbles. This process is known as 
disproportionation and is a result of the difference in Laplace pressure across the bubbles 
surface between small and large bubbles and results in the net diffusion of gas to the larger 
bubbles.123 
In the literature, foam stability has been observed to be controlled by two main foam 
stability mechanisms, the Gibbs-Marangoni effect which counteracts drainage, and the 
viscoelastic effect which counteracts shrinkage and disproportionation.123 Surfactants 
such as SDS are believed to stabilise the interface mainly through the Gibbs Marangoni 
mechanism.124 The mechanism relies on concentration gradients forming at the interface 
relative to the bulk, which result in fast diffusion of surfactant along the interface and 
dragging some liquid phase with it. High lateral mobility is needed by the surfactants in 
order to maintain foam stability. On the other hand, the ability of proteins to adsorb at the 
interface and change the surface rheology of a bubble surface helps create foam stability 
through a more viscoelastic based mechanism.121 Disproportionation of bubbles is 
hindered by the ability of the molecules to adsorb at the interface and change the surface 
rheology increasing the surface elasticity. Generally, the foaming ability is related with 
the surface tension.125 Therefore, a rule of thumb is that the larger the amount of surface 
active molecules the greater the foam ability and stability which is generally assessed by 
foam volume or height. However, when looking at systems with mixed surface active 
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compounds, the behaviour becomes significantly more complex and many other factors 
can strongly affect the foam behaviour. For example, surfactants can disturb the 
viscoelastic protein network which stabilise foams and at the same time the protein can 
limit the surfactants lateral movement thus compromising the Gibbs-Marangoni 
mechanism. Analysis of foaming behaviour can hence be an indirect method of gaining 
insights regarding the interactions occurring at the interface such as displacement of 
molecules (Orogenic displacement126) and interactions in the bulk solution. The literature 
appears to suggest that a full understanding of foaming behaviour is still elusive and 
therefore more experimental investigations are needed. For example, Dickinson et al.127 
tested a range of proteins and found that they had little effect on the rate of 
disproportionation with bubbles disappearing in less than one hour, whilst Cox et al.128 
found that hydrophobins remained stable far longer than common proteins. 
 
2.4.3 Experimental method 
 
Foamability and stability are two of the most looked at factors in testing a liquid foam. 
Several methods have been detailed in the literature.18, 129 For stable foams it is common 
to test foamability by measuring the volume or height of foam generated and then assess 
stability by observing the collapse of the foam over time. The most common methods are 
based on variations of agitation in a vessel, Bikerman test and the Ross-miles test. 
The Bikerman test consists of a glass column with a sparger at the bottom through which 
a gas is pumped at a known flow rate.130 The Ross-Miles test consists of pouring a fixed 
volume of the solution from a fixed height onto a fixed volume of the same solution found 
in a column.131 Agitation experiments are conducted by controlling agitation of the 
solution in a closed tube by means such as stirring, whipping and shaking. In all the above 
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methods the aim, once the foam has been generated, is generally to measure the foam 
height or volume. Furthermore, the experiments can go on to measure the stability of the 
foams over a period of time (foam collapse kinetics) as well as characterizing the bubbles 
found in the foam (shape, size, lamellae thickness etc.) generally through image 
analysis.18 For the work carried out in this thesis the agitation method was employed and 
specific details have been outlined in the Chapter 5.  
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3 V6K PEPTIDE ADSORPTION 
 
Part of this work has been published in Soft Matter: Jayawardane et al. Co-adsorption of 
peptide amphiphile V6K and conventional surfactants SDS and C12TAB at the solid/water 
interface. Soft Matter 2015, 11, 7986 - 7994. 
 
3.1 Overview 
 
Short surfactant-like peptides are attracting much research attention 63, 64, 71, 72, 132, 133 in 
fields such as drug delivery and biotechnology as well as food and personal care 
applications. They have many attractive biochemical characteristics such as good 
biodegradability, selectivity and targeting abilities. 134-136 A potential route for their 
widespread use is through formulation with conventional surfactants. Currently there are 
no studies which have investigated the interactions between surfactant-like peptides and 
conventional surfactants. This chapter investigates the co-adsorption of the surfactant-
like peptide, V6K, with conventional anionic and cationic surfactants at the solid/water 
interface. The experiments conducted investigated their combined adsorption process and 
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the interactions taking place between these molecules and the solid interface. The results 
highlighted molar concentration dependant changes to the adsorption kinetics and 
adsorbed layer structure and composition, as well as the ability for V6K to modulate 
adsorption of conventional surfactants. 
 
3.2 Introduction 
 
Peptides designed to mimic the basic structural features of common surfactants generally 
bear distinct hydrophilic and hydrophobic moieties and thus share many common 
functions to conventional surfactants. 66, 137, 138 However, the amino acid sequence which 
builds up a peptide surfactant renders them far more complex than simple alkyl chain 
surfactants. In addition, the possibility to carefully tune and create very specific amino 
acid sequences which are fit for purpose is highly attractive. The commercial use of short 
peptides is still at an early stage and is hampered by a poor understanding of their complex 
interfacial behaviour. Detailed studies are thus warranted to explore their basic adsorption 
behaviour and interactions with conventional surfactants. There have previously been 
several reports on the self-assembling properties and surface adsorption dynamics of a 
class of short designed peptides (VmKn, where m = 3-6 and n = 1-3) at the solid/liquid 
interface.79, 80, 139 Within this class of peptides V6K exhibited excellent adsorption and 
stability at the solid/liquid interface as shown in Figure 3.1(A). It was the most surface 
active peptide with the highest adsorption amount and it reached the steady-state 
adsorption faster than V6K2 and V3K. Furthermore, Figure 3.1(B) shows V6K’s excellent 
stability over a wide range of pH. V6K was thus a good candidate to explore and 
investigate adsorption and compatibility with other surfactants. 
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Figure 3.1 (A) Adsorption isotherms of V6K (◊), V6K2 (Δ), V3K (□) at the silica/water 
interface, measured at pH 7, 100 μg/ml. (B) Adsorbed amount of V6K plotted against 
solution pH. Reprinted with permission from Pan et al79. Copyright 2017 American 
Chemical Society. 
 
Another very interesting feature of V6K was its ability to self-assemble into 
nanostructures at the hydrophilic silica/water interface (shown in Figure 3.2). At high 
peptide concentrations (0.2 mM), it was found that V6K formed a peptide bilayer that 
incorporated some defects and peptide stacks or vesicles. At lower peptide concentrations 
(0.05 mM), V6K was shown to adsorb onto the silicon oxide interface and formed distinct 
flat cylindrical micellar structures.139 As outlined also in the literature review, the ability 
to self-assemble and aggregate into  
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Figure 3.2 In situ AFM images (2 × 2 µm) of V6K at the silica/water interface at pH 6.0. 
AFM images were collected after 30 min adsorption. (A) height image and (a) the 
corresponding phase image with the peptide concentration fixed at 0.05 mM. (B) height 
image and (b) the corresponding phase image with the peptide concentration fixed at 0.2 
mM. The Z scale is shown on the right (0 - 30 nm). Reproduced from Han et al139 with 
permission from The Royal Society of Chemistry. 
 
supramolecular structures such as a bilayer arrangement is a common feature of 
surfactants.41, 46 Once adsorbed, the V6K layer could not be removed by rinsing with 
water, and the structures also showed good stability across a wide range of pH values and 
peptide concentrations.79 The above discussed studies investigated and demonstrated 
V6K’s good adsorption. The good adsorption of cationic surfactant-like peptides would 
be attractive to personal care industry as most conventional cationic surfactants tend to 
be highly irritant and therefore their formulation into skin care products with other 
surfactants would be beneficial.140-142 Similarly they are also attractive in the 
pharmaceutic industry to help drug solubilisation or delivery.7. For the purpose of 
formulation with surfactants, the basic interfacial behaviour in the presence of 
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conventional surfactants SDS and C12TAB are examined in this chapter. Selective 
spectroscopic ellipsometry and neutron reflection measurements are both used in this 
chapter to elucidate the main interactions taking place between, V6K and conventional 
surfactants, SDS and C12TAB, at the solid/water interface. 
 
3.3 Experimental method 
 
3.3.1 Materials 
 
The V6K peptide had been synthesized using solid phase synthesis and had been twice 
purified by gel permeation chromatography to purity of >95%. Peptide stock solutions 
for use in experiments were freshly made by dissolving in ultrahigh quality (UHQ) water 
(Purelab UHQ, Vivendi Water Systems Ltd) and subsequently diluted to the required 
concentrations. The solution pH was adjusted using minimal amounts of HCl or NaOH 
to pH 7. SDS and C12TAB were purchased respectively from Lancaster and Sigma, UK. 
Both of them were purified by recrystallization more than 3 times, in ethanol + water for 
SDS and in acetone + absolute ethanol for C12TAB, till the surface tension around their 
CMC showed no minimum. 
 
3.3.2 Spectroscopic Ellipsometry 
 
Measurements were carried out using a Jobin-Yvon UVISEL spectroscopic ellipsometer 
across a wavelength range of 300-600 nm. Prior to each experiment run the silicon 
surfaces were cleaned and its surface thicknesses checked by ellipsometer. The sample 
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were then injected into the liquid cell with fused quartz windows adjusted to allow an 
incident light beam of 70°. Upon completion of the experiment the liquid quartz cell was 
thoroughly rinsed and cleaned with Decon 90 (Decon Laboratories Limited, Hove, UK) 
and dried out ready for the next experimental run.  
3.3.3 Neutron reflection 
 
Experiments were carried out on SURF. The silicon blocks were polished by Crystran 
Ltd, UK and treated with Piranha solution at 90 °C for 1 min. The blocks were fitted with 
the Perspex trough and 2ml of sample was filled into the lumen. The samples were then 
left to equilibrate for the required times specific to each experiment. The blocks were then 
mounted onto the sample holders on the goniometer stage and were correctly aligned with 
the neutron beam. Each reflectivity experiment was carried out at three incidence angles 
of 0.35, 0.8 and 1.8° and the resulting reflectivity profiles combined to cover a Q range 
between 0.012 and 0.5 Å−1. Prior to running the adsorption experiments, the oxide layer 
on each silicon block used was determined using D2O as the subphase. The thickness of 
the SiO2 was highly consistent amongst the blocks and was in the range of 20 Å and a 
background scattering in the range of 10-6, both were included in all the calculations of 
the models but for clarity are not shown in the reported structural parameters. 
Furthermore, to help aide the fitting procedure, complexity of the models was kept low 
by using minimum number of layers and zero roughness. 
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3.4 Results and discussion 
 
3.4.1 Adsorption of SDS/V6K mixed solution at solid-liquid interface 
 
 
Figure 3.3 The adsorption of V6K (×) peptide and co-adsorption of SDS and V6K at the 
silica/water interface with the molar ratio of SDS: V6K at 0.5:1 (□), 0.78:1 (∆), 1:1 (◊), 
and 3.9:1 (*), 7.8:1 (○). V6K was fixed at 100 μg/ml, pH 7. (Jayawardane et al 143, 
Published by The Royal Society of Chemistry). 
 
Adsorption of SDS/V6K Mixed Solution at the Solid/Liquid Interface. The effect of 
different molar ratios of SDS on the time dependent adsorption of V6K peptide was 
explored using SE (Figure 3.3). The peptide itself readily adsorbed onto the silicon oxide 
surface and reached a stable plateau within 10 minutes with a maximum adsorbed amount 
of 3.2 mg/m2. Addition of SDS significantly changed the adsorption dynamics at the 
solid/liquid interface. At a molar ratio of 0.5:1 (SDS/V6K), the adsorption reached the 
same plateau as V6K alone but the process was slower, and as the ratio was further 
increased the adsorption dynamics slowed down further. It took over 100 min to reach a 
lower plateau, at a ratio of 0.78:1, with a final surface adsorbed amount of 2.8 mg/m2. 
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When the ratio increased to unity and above, only a negligible amount (less than 0.2 
mg/m2) of adsorption was detected. The SE results indicated that peptide adsorption was 
strongly inhibited by the increasing molar ratio of SDS in the solution. As the molar ratio 
of SDS/V6K is equals the charge ratio, the adsorption dynamics in Figure 3.3 is explained 
by the charge neutralization of cationic V6K molecules by SDS in the solution. At and 
above unity, the amount of free peptide was minimal, hence adsorption was negligible. 
Below molar unity, SDS was not enough to neutralize all the peptide molecules in the 
solution, thus excess peptides drove the surface adsorption. The adsorbed amount and 
dynamic process both reduced and slowed down as the ratio was increased, similar to the 
SE adsorption curves at concentrations below 100 μg/ml reported in previous studies.79 
SE results alone cannot reveal how much SDS contributed to the total adsorbed amount 
and whether the presence of SDS in the mixture altered the self-assembling properties of 
V6K at the solid/liquid interface. Therefore, NR was carried out for the adsorption of 
SDS/V6K (0.78/1) at pH 7, reflectivity profiles are shown in Figure 3.4A for both SDS 
and deuterated SDS (d-SDS). The fitted data for the curves along with the calculated 
volume fraction and adsorbed amounts for each layer are shown in Table 3.1.  
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Figure 3.4. (A) Reflectivity profiles for SDS/V6K (0.78/1) mixture (□) and d-SDS/V6K 
(0.78/1) (◊) at the SiO2 interface in D2O pH 7. Solid lines through the data points 
correspond to the model fits for the corresponding measured reflectivity data points. (B) 
Schematic diagram showing the arrangement of V6K molecules (blue), SDS (red), at 
SDS/V6K=0.78/1. (Jayawardane et al 
143, Published by The Royal Society of Chemistry). 
 
Due to the electrostatic repulsion SDS does not adsorb directly onto the hydrophilic SiO2 
surface. However, the presence of cationic V6K peptides at the SiO2 interface can aid the 
subsequent adsorption of SDS through increased hydrophobic interaction and charge 
reversal of the surface. Careful evaluation and analysis of the NR data revealed that three 
distinct layers were found at the interface (Figure 3.4B). The innermost layer was 15 Å 
thick and densely packed, above it a more diffuse 13 Å layer followed by an even more 
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diffuse SDS layer, as shown by the volume fraction values in Table 3.1. The peptide 
structures in the innermost layer were reminiscent of the V6K structures adsorbed at 20 
μg/ml (discussed later). The thickness of the outermost SDS layer (38 Å) suggested the 
formation of surface micelles or lamellar structures which have frequently been reported 
to occur on positively charged hydrophilic surfaces.144-147 Since the outermost layer was 
predominantly occupied by SDS and D2O, the layer was essentially invisible and cannot 
be detected by the d-SDS run as both d-SDS and D2O have similar SLDs. Co-adsorption 
of SDS was likely aided by a combination of hydrophobic/electrostatic interactions with 
excess V6K peptides which had readily adsorbed at the interface. 
 
Table 3.1 Structural parameters obtained from best fits of neutron reflection data shown 
in Figure 3.4 for the co-adsorption of SDS/V6K in D2O pH 7. Fitting of SDS gives a three 
layer fit whilst fitting of d-SDS curve gave a two layer fit. (Jayawardane et al 143, 
Published by The Royal Society of Chemistry). 
Sample/ 
Contrast 
Thickness 
±2 Å 
 
Fitted 
SLD 
±0.1×10-6/ 
Å-2 
Sample SLD 
 (V6K/SDS) 
±0.01×10-6/ Å-
2 
Volume Fraction 
(V6K/SDS) 
±0.005 
Г  
(V6K/SDS
) 
±0.1 
mg/m2 
SDS/V6K 
(0.78/1) 
/ D2O 
15 2.1 1.71/0.37 0.815/0.080 1.4/0.1 
13 4.6 1.71/0.37 0.255/0.095 0.4/0.2 
38 5.6 1.71/0.37 0/0.115 0/0.5 
     ГTotal 2.6 
d-SDS/V6K 
(0.78/1) 
/ D2O 
15 2.6 1.71/6.72 0.815/0.080 1.4/0.1 
13 5.2 1.71/6.72 0.255/0.095 0.4/0.2 
     ГTotal 2.1 
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The adsorbed SDS reduced electrostatic repulsion between peptides and allowed for a 
tight packing of V6K in the inner leaflet of the peptide bilayer. Overall the total adsorbed 
amount measured by NR, 2.6 mg/m2, closely matched ellipsometry results, but V6K was 
revealed to have contributed only 1.8 mg/m2 (2.3 × 10-3 mM/m2) to the total amount. 
Significantly less peptide compared to adsorption at the same peptide concentration 
without surfactant. On the other hand, adsorption from the binary mixture significantly 
aided SDS adsorption and resulted in 0.8 mg/m2 (2.9 × 10-3 mM/m2) at the interface. 
 
3.4.2 Interaction of SDS with pre-adsorbed V6K peptide 
 
Interaction of SDS with Pre-adsorbed V6K Peptide. Short surfactant-like peptides 
have a tendency to self-assemble at the solid/liquid interface. Experiments conducted by 
Han et al. highlighted the presence of two distinct plateaus in the adsorption isotherms 
for V6K corresponding to different structural arrangements of the molecules at the 
interface.139 The effect of SDS addition on pre-adsorbed V6K peptide layers was 
investigated at peptide concentrations of 20 and 100 μg/ml which correspond to two 
different peptide self-assembled structures. Analysis of the reflectivity curves (Figure 
3.5A and Table 3.2) from the pre-adsorbed peptide layer, at 20 μg/ml, supports the 
formation of flattened V6K cylindrical micelles. The adsorbed peptide layer was very 
reproducible and had a surface excess of 1.4 mg/m2 after 20 minutes’ adsorption at pH 7, 
matching adsorption results from ellipsometry measurements reported by Pan.79 The 
thickness of the peptide layer was found to be 19 Å with a volume fraction of 0.66.  
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Figure 3.5. A, Reflectivity profiles for 20 μg/ml V6K pH 7 (□), 20 μg/ml V6K pH 7+ 4 mM 
d-SDS (◊) and 20 μg/ml V6K pH 7+4 mM SDS (∆). Solid lines through the data points 
correspond to the best fits for the corresponding reflectivity data points. B, Schematic 
diagram showing the arrangement of pre-adsorbed V6K peptides at 20 μg/ml (blue) and 
adsorption of SDS (red) at the SiO2/ D2O interface at pH 7. (Jayawardane et al 
143, 
Published by The Royal Society of Chemistry). 
 
Following the initial adsorption, the peptide solution was carefully rinsed out with D2O 
(peptide desorption was negligible) and 4 mM SDS solution was added. As expected, the 
addition of SDS resulted in an increased layer thickness at the interface. 
To investigate whether SDS adsorption caused any changes to the initial structural 
arrangement of the pre-adsorbed peptide layer and quantify adsorption, the experiment 
was repeated using d-SDS (Table 3.2). Addition of 4 mM d-SDS revealed no significant 
changes to the pre-adsorbed V6K layer, suggesting that SDS adsorption was limited to the 
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surface of the peptide structures. If SDS had strongly interfered with the pre-adsorbed 
peptide structures (e.g. disruption), the d-SDS run would reveal a significant change to 
the layer SLD and or its thickness. However, in this case, both the subsequent addition of 
d-SDS and peptide only runs could be fitted with the same model, indicating SDS 
displaced D2O and adsorbed onto the peptide layer. On the other hand the changes in SLD 
between the SDS and d-SDS run (Table 3.2) were used to determine the adsorbed amounts 
at the interface. Volume fraction values show less than 10% penetration of SDS into the 
pre-adsorbed peptide layer with a surface excess amounting to 0.20 mg/m2 (0.7 × 10-3 
mM/m2). A higher proportion of the adsorbed SDS, 0.4 mg/m2 (1.5 × 10-3 mM/m2) formed 
a distinct 16 Å thick layer on top of the peptide structures. 
 
Table 3.2 Structural parameters obtained from the best fits as shown in Figure 3.5 for 20 
minute pre-adsorbed V6K at 20 μg/ml, followed by addition of 4 mM SDS. (Jayawardane 
et al 143, Published by The Royal Society of Chemistry). 
 
Sample/Contrast Fitted 
Thickness 
±2 Å 
 
Fitted 
SLD 
±0.1×10-
6/ Å-2 
Sample SLD 
 (V6K/SDS) 
±0.01×10-6/ Å-2 
Volume 
Fraction 
(V6K/SDS) 
±0.005 
Г  
(V6K/SDS) 
±0.1 mg/m2 
20 μg/ml V6K 
/D2O 
19 3.3 1.71/-  0.660/-  1.4/- 
ГTotal 1.4 
20 μg/ml V6K + 4 
mM d-SDS /D2O 
19 3.3 1.71/6.72  0.660/0.095  1.4/0.2 
ГTotal 1.6 
20 μg/ml V6K + 4 
mM SDS /D2O 
19 2.7 1.71/0.37 0.660/0.095 1.4/0.2 
16 5.0 -/0.37 0/0.225 -/0.4 
     ГTotal 2.0 
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Figure 3.5B shows a cross-sectional diagram of the proposed arrangement of pre-
adsorbed peptide, highlighting a compact flattened micellar structure with gaps between 
individual structures and SDS adsorbed around and on top. Similar to ionic surfactant 
adsorption onto oppositely charged hydrophilic surfaces; individual surfactant molecules 
are likely to have initiated adsorption onto the peptide structures with their negatively 
charged heads. Subsequent adsorption of SDS molecules would be through hydrophobic 
interactions with the alkyl tails of SDS molecules already adsorbed or hydrophobic 
patches on the peptide structures. SDS molecules extending from the peptide structures 
in such a manner would indeed stretch to around 16 Å. 147 
 
 
Figure 3.6 Ellipsometry data showing the adsorption of V6K (100 μg/ml, pH 7) at the 
silica/water interface and washed by water and different concentrations of SDS (from 0.1 
mM to 4 mM). (Jayawardane et al 143, Published by The Royal Society of Chemistry). 
 
At 100 μg/ml, the resulting adsorbed V6K layer could withstand UHQ water rinse and a 
series of rinses with SDS concentrations ranging from 0.1 mM to 4 mM (Figure 3.6). 
Initially, during the UHQ water rinse, minimal amounts (less than 0.2 mg/m2) of loosely 
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adsorbed peptide was removed leaving a very stable and firmly absorbed peptide layer. 
Subsequent SDS rinses with increasing SDS concentration, up to 4 mM, resulted in 
increasing surface adsorbed amounts.  
 
 
Figure 3.7 A, Reflectivity profiles for: 100 μg/ml V6K pH 7 (□), 100 μg/ml V6K pH 7+ 4 
mM d-SDS (◊) and 100 μg/ml V6K pH 7 + 4 mM SDS (∆). Solid lines through the data 
points correspond to the model fits for the corresponding reflectivity data points. B, 
Schematic diagram showing the arrangement of pre-adsorbed 100 μg/ml V6K peptides 
(blue) and the effect of SDS (red) on its arrangement at the SiO2/ D2O interface at pH 7. 
(Jayawardane et al 143, Published by The Royal Society of Chemistry). 
 
NR data (Figure 3.7A) confirmed the presence of a bilayer structure of V6K at the 
SiO2/water interface. The pre-adsorbed peptide formed three distinctive layers (Table 3.3) 
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detectable due to the ordering of the lysine heads and valine tails, the latter having a lower 
SLD than lysine. Due to irregularities in the bilayer structure, the three layers could not 
be modelled to have perfectly defined K-V-K (lysine head-valine core-lysine head) 
layers, instead, the peptide layer was fitted by incorporating at least one V in the head 
region, hence KV-V-KV was used. Similar structure arrangement was found in a previous 
study of the interfacial structure of V6K2 peptide at SiO2/water interface.
80 
 
Table 3.3 Structural parameters obtained from model best fits of neutron reflection data 
shown in Figure 3.7 for the adsorption of 4 mM SDS onto pre-adsorbed V6K in D2O pH 
7. (Jayawardane et al 143, Published by The Royal Society of Chemistry). 
Sample/Contrast Fitted 
Thickness 
±2 Å 
 
Fitted SLD 
±0.1×10-6/ 
Å-2 
Sample SLD 
(V6K/SDS) 
±0.01×10-6/ Å-
2 
Volume 
Fraction 
(V6K/SDS) 
±0.005 
Г  
(V6K/SDS) 
±0.1 mg/m2 
100 μg/ml V6K 
/D2O 
KV 9 4.7 2.13/- 0.390/- 0.5/- 
V 15 2.7 1.54/- 0.760/- 1.3/- 
KV 9 4.7 2.13/- 0.390/- 0.5/- 
      ГTotal 2.3 
100 μg/ml V6K 
+4 mM d-SDS 
/D2O 
KV 9 4.7 2.13/6.72 0.390/0 0.5/0 
V 15 2.7 1.54/6.72 0.760/0 1.3/0 
KV  9 4.9 2.13/6.72 0.390/0.420 0.5/0.5 
      ГTotal 2.8 
100 μg/ml V6K  
+4 mM SDS 
/D2O 
KV 9 4.7 2.13/0.37 0.390/0 0.5/0 
V 15 2.7 1.54/0.37 0.760/0 1.3/0 
KV  9 2.2 2.13/0.37 0.390/0.420 0.5/0.5 
      ГTotal 2.8 
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The valine core had a thickness of 15 Å and SLD of 2.7×10-6 Å-2 whilst the inner and 
outer layer were both 9 Å thick with an SLD of 4.7 ×10-6 Å-2. This corresponds to the 
peptide molecules being tightly packed with a highly interdigitated valine tail core. The 
total thickness of the pre-adsorbed bilayer was 33 Å, which is in good agreement with the 
extended length of a V6K molecule around 2.5-3 nm. The total surface excess value 
calculated from the VK-V-VK layer was slightly lower than ellipsometry results (3.1 
mg/m2) shown in Figure 3.6, but is in agreement with the values found in literature 
ranging between 2.5-3.0 mg/m2.139  
Addition of 4 mM SDS solution after careful rinsing of the peptide solution caused a 
significant change to the reflectivity curves (Figure 3.7A) confirming that SDS strongly 
interacted with the pre-adsorbed peptide layer. Measurements using d-SDS also showed 
a change to the reflectivity curve indicating a change had occurred to the pre-adsorbed 
peptide layer upon SDS addition. Careful evaluation of the reflectivity curves revealed 
that SDS had penetrated into the outer peptide layer (Schematic diagram shown in Figure 
3.7B). The surfactant was able to insert itself in the spaces between adjacent lysine heads 
by displacing D2O. However, SDS was not able to penetrate further into the bilayer valine 
core to a significantly appreciable amount. There was no additional SDS adsorbed on top 
of the peptide bilayer, suggesting that the adsorbed SDS was enough to cause an overall 
charge neutralization of the peptide surface and limit any further SDS adsorption. The 
total SDS adsorbed amount was 0.5 mg/m2 (1.6 × 10-3 mM/m2) and is comparable to the 
surfactant adsorbed amount found on the top layer of the 20 μg/ml V6K run.  
 
Surface Effect. It was found that surface charge and hydrophobicity had a strong impact 
on the adsorption of V6K. As noted earlier adsorption of 100 μg/ml V6K resulted in a very 
stable bilayer. When the surface substrate was changed to a hydrophobic C8 surface the 
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total peptide adsorption was less than half of the adsorption on SiO2 surface, around 1 
mg/m2 (Figure 3.8). From the surface excess results, the area per molecule was found to 
be 130 Å2 indicating that the peptide molecules formed a flat monolayer on the C8 surface. 
At the SiO2 surface, the adsorption driving force was the electrostatic attraction between 
the anionic surface and the cationic peptide, whilst at the C8 surface, the adsorption was 
driven by the hydrophobic interaction between the C8 and valine tail, analogous to 
cationic surfactant adsorption.41 This led to a change in the packing of the peptide and a 
bilayer structure could not be formed. 
 
 
Figure 3.8 Ellipsometry data showing the adsorption of V6K (100 μg/ml, pH 7) at 
C8/water interface and washed by water and different concentration of SDS (from 0.1mM 
to 4mM). (Jayawardane et al 143, Published by The Royal Society of Chemistry). 
 
Subsequent addition of SDS solution (up to 4 mM) onto the peptide monolayer resulted 
in an additional adsorbed amount of 1.2 mg/m2 (Figure 3.8). This is significantly higher 
than the SDS adsorption onto the peptide bilayer found at the hydrophilic SiO2 interface 
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of only 0.5 mg/m2 at the same conditions with the same peptide concentration. The 
increased adsorption of SDS is consistent with the peptide being arranged flat on the 
hydrophobic surface. In this arrangement, the hydrophobic valine tails of the peptide are 
more exposed allowing strong hydrophobic interactions with the SDS alkyl chains.  
3.4.3 C12TAB/V6K mixed solution adsorption at the Solid-liquid interface 
 
 
Figure 3.9 The adsorption isotherm of V6K at 100 μg/ml (×) and C12TAB at 0.128 mM 
(○); 2.63 mM (*); 12 mM (□). The co-adsorption was at the molar ratio of C12TAB and 
V6K of 1:1(◊), 20:1(∆) and 94:1(+). V6K was fixed at 100 μg/ml, all at pH 7. 
(Jayawardane et al 143, Published by The Royal Society of Chemistry). 
 
C12TAB/V6K Mixed Solution Adsorption at the Solid/Liquid Interface. C12TAB was 
selected to investigate the effect of cationic surfactants on the adsorption of V6K peptide 
and to draw comparison with the SDS/V6K system. The co-adsorption of C12TAB and 
V6K at varying molar ratios, as well as the adsorption of pure peptide and pure C12TAB 
at equivalent molar concentrations, is shown in Figure 3.9. The adsorption dynamics of 
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C12TAB and V6K at a ratio of 1:1 was similar to the pure peptide but had a slightly lower 
surface excess. Increasing the ratio to 20:1 caused the final plateau to reduce further with 
a noticeable slowing of the adsorption process. Further increase in the ratio to 94:1 
resulted in a significant drop of the surface excess. At 94:1, C12TAB had reached its CMC 
and was highly in excess. Indeed, both the surface excess and the adsorption dynamics 
closely resembled the adsorption of pure C12TAB at 12 mM (CMC).  
The SE results show both the surfactant and the peptide competing for adsorption at the 
interface. At the highest ratio (94:1) the adsorption was dominated by C12TAB, limiting 
total adsorption to under 1.3 mg/m2. However, it is not clear from the SE results alone 
how the two components coexisted and arranged themselves at the interface. 
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Figure 3.10 A, Reflectivity profiles for: C12TAB/V6K (20/1) mixture (□) and d-
C12TAB/V6K (20/1) (◊). Solid lines through the data points correspond to the model fits 
for the corresponding reflectivity data points. B, Schematic diagram showing the 
arrangement of V6K molecules (blue), C12TAB (green) at C12TAB/V6K=20/1, at the SiO2 
interface in D2O pH 7. (Jayawardane et al 
143, Published by The Royal Society of 
Chemistry). 
 
NR was used to probe the arrangement of the two molecules at a molar ratio of 20:1. 
Figure 3.10A shows neutron reflection data and model fits for the adsorption of C12TAB 
and d-C12TAB with V6K in D2O pH 7. Analysis of the data revealed a bilayer structure 
retained by the V6K peptide but had significant amounts of C12TAB incorporated within 
it (Table 3.4). 
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Table 3.4 Structural parameters obtained from model best fits of neutron reflection data 
shown in Figure 3.10 for the co-adsorption of C12TAB/V6K in D2O at pH 7. (Jayawardane 
et al 143, Published by The Royal Society of Chemistry). 
 
The inner layer was dominated by V6K and only 0.1 mg/m
2 (0.3 × 10-3 mM/m2) of 
C12TAB present. The bilayer core was densely packed and housed the largest amount of 
C12TAB, 0.3 mg/m
2 (1.0 × 10-3 mM/m2), and the outer layer had no surfactant present as 
shown in the schematic diagram Figure 3.10B. Peptide molecules adsorbed faster and in 
higher amount than C12TAB, allowing the peptide to form a bilayer and in the process 
trapping C12TAB within its core. Following the formation of the bilayer, electrostatic 
repulsion stopped additional adsorption onto the co-adsorbed layer. This supports the SE 
results which suggest competitive adsorption of C12TAB at the interface with increasing 
amounts of surfactant under increasing molar ratio. 
  
Sample/Contrast Fitted 
Thickne
ss ±2 Å 
 
Fitted SLD 
±0.1×10-6/ 
Å-2 
Sample SLD 
(V6K/SDS) 
±0.01×10-6/ Å-
2 
Volume 
Fraction 
(V6K/SDS) 
±0.005 
Г  
(V6K/SDS) 
±0.1 mg/m2 
C12TAB/V6K 
(20/1) /D2O 
KV 9 4.4 2.13/-0.24 0.375/0.055  0.5/0.1 
V 15 1.4 1.54/-0.24 0.750/0.205  1.3/0.3 
KV 9 4.6 2.13/-0.24 0.385/0.020  0.5/0.0 
      ГTotal 2.7 
d-C12TAB/V6K 
(20/1) /D2O 
KV 9 4.7 2.13/5.13 0.375/0.055 0.5/0.1 
V 15 2.5 1.54/5.13 0.750/0.205 1.3/0.3 
KV 9 4.7 2.13/5.13 0.385/0.020 0.5/0.0 
      ГTotal 2.7 
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3.4.4 Interaction of C12TAB with pre-adsorbed V6K peptide 
 
 
Figure 3.11 Ellipsometry data showing the adsorption isotherm of V6K (100 μg/ml, pH 
7) at silica/water interface and washed by water and different concentration of C12TAB 
(from 0.1mM to 4mM). (Jayawardane et al 143, Published by The Royal Society of 
Chemistry). 
 
Interaction of C12TAB with Pre-adsorbed V6K Peptide. Following the adsorption of 
V6K, at 100 μg/ml, the adsorbed layer was rinsed with UHQ water. The layer was 
subsequently subjected to a series of concentrations of C12TAB solution ranging from 0.1 
mM to 4 mM (Figure 3.11). As it was outlined earlier for the SDS adsorption results, 
there was minimal peptide loss during the UHQ rinse, however, in contrast to the SDS 
system, no increase of surface excess was observed when C12TAB solutions were added. 
The pre-adsorbed peptide layer prevented any C12TAB adsorbing onto the surface. This 
is likely an indication of a charge reversal of the surface. A charge reversal of the surface 
to slightly positive would result in the presence of some bound counterions which would 
hamper the approach of any C12TAB molecules. Surfactant molecules approaching the 
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surface would cause an increase of the same counterions already present in the region 
resulting in osmotic forces pushing the surfactant molecules away. 
 
 
Figure 3.12 Ellipsometry data showing the adsorption of V6K (100 μg/ml, pH 7) at 
C8/water interface and washed by water and different concentration of C12TAB (from 0.1 
mM to 4 mM). (Jayawardane et al 143, Published by The Royal Society of Chemistry). 
 
Surface Effect. Addition of up to 2 mM C12TAB onto pre-adsorbed V6K on hydrophobic 
C8 surface (Figure 3.12)  yielded a maximum increase of less than 0.4 mg/m
2 (1.3 × 10-3 
mM/m2). Similar to the SDS system, the increase in total surface excess upon C12TAB 
addition was attributed to the hydrophobic interaction between the exposed hydrophobic 
valine tails and the hydrocarbon tails of C12TAB. This highlights the strength of 
hydrophobic interactions which enabled the C12TAB to adsorb onto the surface even in 
the presence of like charges. However, the adsorption of C12TAB was less than that of 
SDS 1.2 mg/m2 (4.2 × 10-3 mM/m2) and further increase to 4mM resulted in a drop in 
adsorbed amount. 
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3.5 Conclusion 
 
In this study, spectroscopic ellipsometry and neutron reflection were used to evaluate the 
adsorption behaviour of V6K peptide and its interaction with conventional surfactants 
SDS and C12TAB. When the peptide was pre-adsorbed it was able to form a stable bilayer 
with good coverage and stability. At the highest concentration of 100 μg/ml, the bilayer 
formed was very stable against rinsing by UHQ water and adsorption of SDS molecules. 
The positively charged lysine heads exposed on pre-adsorbed peptide layers facilitated 
SDS adsorption but hampered C12TAB adsorption. When SDS and V6K are mixed 
together in solution, adsorption showed a strong dependence on the molar ratio of the two 
components. SDS has a neutralizing effect on adsorption and when the molar unity was 
reached no adsorption was detected. Below molar unity, excess V6K aided SDS 
adsorption onto the surface. This behaviour is analogous to several polymer and 
polyelectrolyte systems which adsorb and cause charge reversal of the SiO2 surface and 
increase hydrophobic interactions thus aiding SDS adsorption.144, 145, 148, 149 On the other 
hand, when C12TAB is combined with V6K in solution, the adsorption became 
competitive. Above surfactant CMC, V6K was stopped from adsorbing at the interface 
but at lower molar ratios V6K was able to adsorb at the interface faster than C12TAB and 
could coexist with C12TAB at the interface. These results are also consistent with other 
studies involving cationic surfactant mixtures.144, 149 Overall, the results indicate that V6K 
was able to adsorb faster at the solid/liquid interface with the exact amount depending on 
the ratio and other factors. The fast adsorption and stability of V6K in the presence of 
surfactants shows some potential for the peptide to be used as a co-surfactant at the solid 
interface. 
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4 SILK FIBROIN SOLID-LIQUID 
ADSORPTION 
 
Part of this work has been published in Langmuir: Jayawardane et al. Interfacial 
adsorption of silk fibroin peptides and their interaction with surfactants at the solid-water 
interface. Langmuir 2016, 32 (32), pp 8202–8211. 
 
4.1 Overview 
 
Regenerated silk fibroin (RSF) is a FDA approved material and has been widely used in 
many biomedical applications. Its molecular structure has repeating 
hydrophobic/hydrophilic segments which are reminiscent of peptides such as previously 
discussed V6K, which demonstrated very good adsorption. However, so far, RSF 
adsorption behaviour has not been characterised at the sold-liquid interface. A better 
understanding of the adsorption can lead to its potential use as a surface active component 
for a range of applications particularly in biomedical, cosmetic, pharmaceutical and food 
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industries. Hence, RSF adsorption is initially investigated with regards to MW, pH and 
ionic strength, using neutron reflection and spectroscopic ellipsometry to assess its 
surface active behaviour and structure at the interface. Subsequently adsorption is 
investigated with conventional anionic and cationic surfactant molecules, sodium dodecyl 
sulphate (SDS), and dodecyl trimethyl ammonium bromide (C12TAB). In order to assess 
how RSF interacts with conventional surfactants if it were to be used in formulations with 
such molecules. 
 
4.2 Introduction 
 
Surfactants are of interest in many fields ranging from bioremediation150, biomedical 
applications151, 152, food industry6, 153 and personal care.25, 26 Current environmental 
requirements place emphasis on the use of biosustainable and biodegradable surfactant 
based products pushing industries to search for multi functioning surfactants derived from 
natural sources.19 To meet requirements and increase consumer appeal, alternatives to 
conventional petrochemical derived surfactants are highly sought after. In this landscape, 
the search for new bio-polymer surfactants derived from proteins has become an 
important area of research, as they possess desirable physicochemical properties and a 
biocompatible and environmentally friendly nature.154 Silk fibroin is a protein which has 
been extensively studied as a biomaterial91, attracting much attention for its biodegradable 
and biocompatible100 properties as well as other excellent material properties (e.g. strong 
mechanical strength) making it highly versatile for use in a diverse range of applications 
from tissue engineering scaffolds to drug delivery vectors.155-158 However silk fibroin’s 
interfacial adsorption behaviour and its surface active properties are poorly understood 
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and have not been extensively characterized thus limiting its potential use as a surface 
active agent and its possible applications.  
The molecular structure of native silk fibroin, extracted from the silk worm Bombyx Mori, 
consists of a light chain (25 kDa) and a heavy chain (391 kDa). Repetitive crystalline 
regions are found in the chain, which is mainly based on a Gly-X sequence as well as a 
repetitive hexapeptide sequence of Gly-Ala-Gly-Ala-Gly-X, where X is one of 
Ala>Ser>Tyr.93, 94 Hydrogen bonding between these crystalline regions gives rise to 
insoluble silk II (beta sheet) structure found in fibres. Most dissolution methods employ 
chaotropic agents to disrupt the hydrogen bonds holding the silk II structure in place. 
However, the regenerated silk fibroin arising from the dissolution process has been 
observed to yield a very broad range of molecular sizes (other than 25 kDa and 391 kDa) 
indicating fragmentation of the native silk fibroin chains into a complex mixture of 
peptides.96, 159 The resulting peptides can resemble common surfactant structures, 
embodying an amphiphilic nature with a hydrophilic head and hydrophobic tail.66 The 
repetitive nature of silk fibroin’s amino acid sequence indicates the presence of 
hydrophilic segments arising from the hydroxyl side chains present on amino acids such 
as Ser and Tyr and carboxyl group of the C terminal, and hydrophobic segments from 
methyl side chains found in Gly-Ala segments. Hence the dissolution process can liberate 
shorter peptide sequences which possess a stronger amphiphilic character and surfactant 
properties. Similarly, food proteins such as pea protein and whey have been chemically 
or enzymatically digested in order to produce low molecular weight with enhanced 
surface active behaviours.89, 90, 160, 161  
A detailed understanding of RSF’s adsorption behaviour is necessary in order to exploit 
desirable surface active properties and compare its adsorption behaviour with other bio-
polymers and biosurfactants.4, 137 Over the years much effort has gone into studying the 
adsorption of proteins42, 48, 162, 163 at interfaces which can have complex adsorption 
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behaviours, especially in mixed systems.164 Regenerated silk fibroin is inherently a 
complex mixed system and filtration of the solution can yield fractions which exhibit 
distinct behaviours adding value to the product.165-168 The effect of different bulk solution 
conditions is investigated and the effect of conventional surfactants on the silk fibroin 
peptide’s adsorption at the SiO2/water interface. Neutron reflection and spectroscopic 
ellipsometry are used to study interactions for their combined excellent ability to study 
buried interfaces, adsorption behaviour and probe the structures found at the solid/liquid 
interface. 169-173  
 
4.3 Experimental method 
 
4.3.1 Silk preparation 
 
Silk fibrion peptides with molecular weight cut-offs (MWCO) of 5-30 kDa, 30-300 kDa 
and over 300 kDa were obtained from Huaian Hongma biotech Ltd, China. For 
information, Bombyx Mori silk was degummed by boiling in 0.02 M Na2CO3 for 30 min 
before being dissolved in Ajisawa’s reagent at 75oC for 3 hours.174 Samples were 
ultrafiltrated using different membranes to obtain the RSF peptides with different 
molecular weight ranges and then lyophilized. Fresh solutions of silk fibroin peptides 
were dissolved in ultra-high quality milli Q water (UHQ) or D2O (Sigma-Aldrich, UK). 
Stock solutions of silk fibroin peptides were then diluted to achieve the appropriate 
concentrations. Sodium chloride (Sigma-Aldrich, UK) was used to adjust salt 
concentration and pH was adjusted using minimum amount of NaOH (or NaOD) or HCl 
(or DCl) (Sigma-Aldrich, UK) as appropriate.  For both Ellipsometry and neutron 
reflection experiments, silk fibroin was allowed to adsorb for 1 hour onto the SiO2/water 
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interface. Surfactants SDS and C12TAB were purchased from Sigma-Aldrich, UK and 
their deuterated versions were contributed by Dr R. K. Thomas, Physical & Theoretical 
Chemistry lab, University of Oxford. All surfactants were purified and dissolved in UHQ 
(or D2O) stock solutions ready for dilution and use in experiments. 
 
4.3.2 Spectroscopic Ellipsometry 
 
SE measurements were determined by Jobin-Yvon UVISEL spectroscopic ellipsometer. 
The SE measurements were performed over a wavelength range between 300 and 600 
nm. A liquid cell with fused quartz windows was used to enable the SE measurement at 
the solid/liquid interface with the incident light beam at 70°. The experimental data were 
analysed using software called DeltaPsi II developed by Jobin-Yvon. The ellipsometer 
measured the change in the polarization state of light reflected from the surface of the 
sample. 
4.3.3 Neutron reflection 
 
NR measurements were carried out on SURF at RAL, Oxford, UK, using a neutron beam 
of wavelength 0.5 to 6.5 Å. The silicon blocks used were polished by Crystran Ltd., UK 
and treated with Piranha solution at 90 °C for 1 min. Solution samples (2 ml) were filled 
into the lumen cell made by clamping a Perspex trough against the polished face of a 
silicon block with dimensions of 6 × 5 × 1.2 cm3. The sample cell was mounted on a 
goniometer stage controlled by the computer terminals. The neutron beam entered the 
small face of the silicon block, was reflected from the solid/solution interface and exited 
from the opposite end of the small face. The neutron beam was collimated by two sets of 
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horizontal and vertical slits placed before the sample cell, creating a typical beam 
illuminated area around 4 × 3 cm2. Each reflectivity experiment was carried out at three 
incidence angles of 0.35, 0.8 and 1.8° and the resulting reflectivity profiles combined to 
cover a wave vector (κ) between 0.012 and 0.5 Å-1. Reflectivity profiles below the critical 
angle were theoretically equal to unity and all the data measured were scaled accordingly. 
Constant background was subtracted using the average reflectivity between 0.3 and 0.5 
Å-1. The background was found to be typically around 3 × 10-6 in D2O.  
 
4.4 Results and discussion 
 
4.4.1 Adsorption of RSF onto SiO2/water interface 
 
Ellipsometry experiments were carried out for the adsorption of several concentrations of 
RSF 5-30 kDa as shown in Figure 4.1A. Neutron reflectivity curves for the same 
conditions (Figure 4.1B) revealed how the structural arrangement of the peptide changed 
with concentration at the interface. RSF was adsorbed onto the SiO2 surface and gradually 
plateaued over the period of 1 hour. Rinsing of the adsorbed layer with UHQ resulted in 
minor removal of loosely adsorbed RSF (less than 0.2 mg/m2, data not shown), leaving a 
stable, strongly adsorbed RSF layer behind. The absorbed amount, following 1 hour 
adsorption, was seen to increase considerably with bulk solution concentration, from 1.4 
mg/m2 at 0.3 mg/ml up to 3.1 mg/m2 at 3 mg/ml, further increase in concentration to 10 
mg/ml led only to an additional 0.3 mg/m2 increase in the adsorbed amount, indicating 
the saturated adsorption was being reached. 
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(A) 
 
(B) 
 
Figure 4.1 (A) Adsorption kinetics for RSF 5-30 kDa at concentrations of 0.3 
(□), 1 (◊), 3 (∆) and 10 (o) mg/ml, pH 7,  at the silica/water interface, studied 
by SE. (B) Reflectivity profiles for RSF 5-30 kDa at concentration of 0.3 (□), 1 
(◊), 3 (∆) and 10 (o) mg/ml, pH 7, at the silica/water interface studied by NR. 
Solid lines through the data points correspond to the best fits for the 
corresponding reflectivity curves which are detailed in Table 4.1. Reprinted 
with permission from Jayawardane et al.175 Copyright 2017 American 
Chemical Society. 
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Neutron data fittings shown in Table 4.1 show that RSF 5-30 kDa was fitted using a two 
layer structure with an overall mean thickness of around 83 Å over the concentration 
range studied. A single layer fitting could not provide a good fit across the entire Q range. 
The inner layer was seen to have a lower SLD than the outer layer indicating that most of 
the peptide was found packed closest to the SiO2 interface and the outer layer was diffuse 
with a maximum volume fraction of 14%. Increasing the bulk solution concentration from 
0.3 mg/ml to 10 mg/ml caused a gradual lowering of the inner layer SLD from 5.9 to 5.2 
(× 10-6 Å-2) and a lowering of the outer layer SLD from 6.2 to 6.0 (× 10-6 Å-2). The SLD 
of RSF peptide was calculated to be 3.8 × 10-6 Å-2, based on its amino acid composition. 
Hence the lowering of the SLDs was due to RSF peptide adsorbing and packing itself 
more tightly, as seen by the peptide volume fraction increasing from17.5% to 45%, at the 
interface. 
 
Table 4.1 Structural parameters of neutron reflection best fits for 5-30 kDa silk fibroin 
peptides adsorbed for 1hr at the SiO2 /water interface at pH 7. Reprinted with permission 
from Jayawardane et al175. Copyright 2017 American Chemical Society 
Concentration 
(mg/ml) 
Layer thickness 
(±2 Å) 
SLD  
±0.1×10-6 Å-
2 
Volume 
fraction  
±0.005 
Surface Excess 
±0.1 mg/m2 
NR SE 
0.3 45 5.9 0.175 
1.5 1.4 
43 6.2 0.060 
1 37 5.5 0.335 
2.4 2.3 
45 6.1 0.100 
3 37 5.2 0.450 
3.2 3.1 
40 6.0 0.140 
10 40 5.2 0.450 
3.5 3.4 
43 6.0 0.140 
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 (A) 
 
(B) 
 
Figure 4.2 (A) Adsorption kinetics (measured by SE) for 0.3 mg/ml (open symbols) and 
3 mg/ml (shaded symbols) RSF at the silica/water interface, pH 7. (B) Adsorption 
isotherms for silk fibroin peptides measured by NR (open symbols) and SE (shaded 
symbols). Reprinted with permission from Jayawardane et al.175 Copyright 2017 
American Chemical Society. 
 
The surface adsorbed amount obtained from NR was found increased from 1.5 mg/m2 at 
0.3 mg/ml to 3.5 mg/m2 at 10 mg/ml. This finding is highly consistent with the SE results 
(Table 4.1). 
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Figure 4.2A shows data comparing the adsorption kinetics between RSF filtered by 
MWCOs of 5-30 kDa, 30-300 kDa and >300 kDa at concentrations of 0.3 and 3 mg/ml, 
and Figure 4.2B highlights the agreeing data between the adsorption isotherms measured 
by SE and NR. There appeared to be no major differences in the absorbed amounts and 
the structural arrangement of RSF following 1 hour adsorption between the three 
molecular ranges of RSF fractions at the SiO2/water interface (shown in Figure 4.3 and 
Table 4.2, and Figure 4.4 and Table 4.3). However, the adsorption kinetics shown in 
Figure 4.2A seem to show marginally slower initial adsorption rate by RSF >300 kDa 
during the first minutes of adsorption at both 0.3 and 3 mg/ml. This would be consistent 
with a slower adsorption due to slower diffusion resulting from a larger molecular size. 
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Figure 4.3 Reflectivity profiles for SF 30-300 kDa pH 7 at concentrations of 0.3 (□), 1 
(◊), 3 (∆) and 10 (o) mg/ml. Solid lines through the data points correspond to the best fits 
for the corresponding reflectivity curves which are detailed in Table 4.2. Reprinted with 
permission from Jayawardane et al175. Copyright 2017 American Chemical Society 
 
Table 4.2 Structural parameters of neutron reflection best fits for 30-300 kDa silk fibroin 
peptides adsorbed for 1hr at the SiO2 interface at pH7. Reprinted with permission from 
Jayawardane et al.175 Copyright 2017 American Chemical Society. 
Concentration 
(mg/ml) 
Layer 
thickness 
(±2 Å) 
SLD 
 ±0.1×10-6/ 
Å-2 
Volume 
fraction 
±0.005 
Surface 
Excess ±0.1 
mg/m2 
Ellipsometry 
±0.1 mg/m2 
0.3 36 5.8 0.215 
1.5 1.6 
38 6.2 0.060 
1 37 5.5 0.335 
2.4 2.5 
45 6.1 0.100 
3 37 5.2 0.450 
3.2 3.2 
40 6.0 0.140 
10 40 5.2 0.450 
3.5 3.6 
43 6.0 0.140 
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Figure 4.4 Reflectivity profiles for SF >300 kDa pH7 at concentrations of 0.3 (□), 1 (◊), 
3 (∆) and 10 (o) mg/ml. Solid lines through the data points correspond to the best fits for 
the corresponding reflectivity curves which are detailed in Table 4.3. Reprinted with 
permission from Jayawardane et al175. Copyright 2017 American Chemical Society 
 
Table 4.3. Structural parameters of neutron reflection best fits for >300 kDa silk fibroin 
peptides adsorbed for 1hr at the SiO2 interface at pH7. Reprinted with permission from 
Jayawardane et al.175 Copyright 2017 American Chemical Society. 
Concentration 
(mg/ml) 
Layer 
thickness 
(±2 Å) 
SLD  
±0.1×10-6/ 
Å-2 
Volume 
fraction 
±0.005 
Surface 
Excess ±0.1 
mg/m2 
Ellipsometry 
±0.1 mg/m2 
0.3 45 5.9 0.175 
1.5 1.3 
43 6.2 0.060 
1 37 5.5 0.335 
2.4 2.2 
45 6.1 0.100 
3 37 5.2 0.450 
3.2 3.2 
40 6.0 0.140 
10 40 5.2 0.450 
3.5 3.4 
43 6.0 0.140 
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4.4.2 Effect of pH on the adsorption of RSF 
 
(A) 
 
(B) 
 
Figure 4.5 (A) Adsorption kinetics for RSF 5-30 kDa at the concentration of 3 mg/ml at 
pH 5 (□), pH 7(◊) and pH 9(∆) at the silica/water interface, studied by SE.(B) Reflectivity 
profiles for 3 mg/ml RSF 5-30 kDa at pH 5 (□), pH 7(◊) and pH 9(∆) studied by NR. Solid 
lines through the data points correspond to the best fits for the corresponding reflectivity 
curves. Reprinted with permission from Jayawardane et al.175 Copyright 2017 American 
Chemical Society. 
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Ellipsometry and neutron reflection were used to study how changes in the pH solution 
affected the adsorption behaviour of RSF at the SiO2/water interface. The solution pH has 
an effect on both SiO2 and peptide surface charge density. In the case of SiO2, the surface 
charge becomes weakly negative above pH 2, and between pH 5-9 there is a small 
increase in surface charge density. Silk Fibroin has an isoelectric point of around 4.53,176 
changes in the solution pH above this cause the charge densities on the peptide to increase 
and consequently affect the adsorption process and adsorbed layer structure at the 
interface. The results in Figure 4.5A clearly show a pH dependant reduction in the 
absorbed amount with increasing pH for a fixed 3 mg/ml solution of RSF 5-30 kDa 
solution. The surface adsorbed amount reduced from 3.6 mg/m2 at pH 5, to 3.1 mg/m2 at 
pH 7, and dropped to 2.1 mg/m2 when pH increased to 9 (Table 4.4).  
 
Table 4.4 Structural parameters of neutron reflection best fits for pH effect on RSF 5-30 
kDa adsorbed for 1hr at the SiO2 /water interface at a concentration of 3 mg/ml Reprinted 
with permission from Jayawardane et al.175 Copyright 2017 American Chemical Society. 
pH  
Layer thickness  
(±2 Å) 
SLD  
±0.1×10-6 Å-2 
Volume 
fraction  
±0.005 
Surface Excess 
±0.1 mg/m2 
NR SE 
5 42 5.1 0.490 
3.8 3.6 
40 6.0 0.140 
7 37 5.2 0.450 
3.2 3.1 
40 6.0 0.140 
9 39 5.5 0.335 
2.3 2.1 
42 6.2 0.060 
 
The results highlight the importance of electrostatic forces on the adsorbed RSF layer. As 
pH increases the RSF peptide gains a more negatively charged character and thus 
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experiences more inter and intra-molecular like-charge repulsive forces which combined 
with the negatively charged SiO2 surface results in lower adsorbed amounts and a more 
diffuse adsorbed layer. NR data shown in Figure 4.5B and Table 4.4 reveals the structural 
changes that occur to the adsorbed layer as pH is increased. The layer SLDs increase in 
both the inner and outer layers with pH, with a decreasing peptide volume fraction from 
49% to 35.5% for the inner layer and from 14% to 6% for the outer layer, indicating a 
more diffuse layer and a lower surface absorbed amount. However, the layer thicknesses 
for both inner and outer layers did not change much with pH (both layers are around 40 
Å). The same trend was seen with the other MW fractions (30-300 kDa and >300 kDa) 
of RSF (Figure 4.6 and Table 4.5, Figure 4.7 and Table 4.6).  
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Figure 4.6 Reflectivity profiles for 3 mg/ml SF 30-300 kDa at pH 5 (□), pH 7 (◊) and pH 
9 (∆).Solid lines through the data points correspond to the best fits for the corresponding 
reflectivity curves which are detailed in Table 4.5. Reprinted with permission from 
Jayawardane et al175. Copyright 2017 American Chemical Society 
 
Table 4.5 Structural parameters of neutron reflection best fits for pH effect on 30-300 
kDa silk fibroin adsorbed for 1hr at the SiO2 interface at a concentration of 3 mg/ml 
Reprinted with permission from Jayawardane et al.175 Copyright 2017 American 
Chemical Society. 
pH  
Layer thickness 
(±2 Å) 
SLD  
±0.1×10-6/ Å-2 
Volume 
fraction ±0.005 
Surface Excess 
±0.1 mg/m2 
5 37 5.0 0.530 
3.9 
42 5.9 0.175 
7 36 5.2 0.450 
3.2 
40 6.0 0.135 
9 41 5.9 0.180 
1.5 
50 6.2 0.045 
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Figure 4.7 Reflectivity profiles for 3 mg/ml SF >300 kDa at pH 5(□), pH 7(◊) and pH 9 
(∆).Solid lines through the data points correspond to the best fits for the corresponding 
reflectivity curves which are detailed in Table 4.6. Reprinted with permission from 
Jayawardane et al175. Copyright 2017 American Chemical Society 
 
Table 4.6 Structural parameters of neutron reflection best fits for pH effect on >300 kDa 
silk fibroin adsorbed for 1hr at the SiO2 interface at a concentration of 3 mg/ml Reprinted 
with permission from Jayawardane et al.175 Copyright 2017 American Chemical Society. 
pH  
Layer thickness 
(±2 Å) 
SLD  
±0.1×10-6/ Å-2 
Volume 
fraction ±0.005 
Surface Excess 
±0.1 mg/m2 
5 43 5.1 0.530 
4.0 
44 6.0 0.140 
7 38 5.2 0.450 
3.3 
42 6.0 0.140 
9 45 5.8 0.215 
1.8 
46 6.2 0.060 
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4.4.3 Effect of ionic strength on the adsorption of RSF 
 
To study the effect of solution ionic strength on the adsorption of RSF at the SiO2/water 
interface, NaCl was added to RSF solutions of 3 mg/ml and studied by ellipsometer and 
neutron reflection. Figure 4.8A shows the reduced ability for adsorption by RSF 5-30 kDa 
with increasing ionic strength. The adsorbed amount was found to be 3.1 mg/m2 at 5 mM 
NaCl and gradually reduced to 0.6 mg/m2 when the ionic strength increased to 500 mM. 
Neutron reflection carried out on the absorbed layers revealed a falling SLD in the inner 
layer, from 5.2 × 10-6 Å-2 (at 5 mM NaCl) to 5.7 × 10-6 Å-2 (at 150 mM NaCl), and as 
ionic strength increased a drop in the layer thickness (to 40 Å) in the presence of 500 mM 
NaCl, as shown in Table 4.7. 
Table 4.7 Structural parameters of neutron reflection best fits for NaCl effect on 5-30 
kDa silk fibroin peptides adsorbed for 1 hr at the SiO2 /water interface at a concentration 
of 3 mg/ml, pH 7. Reprinted with permission from Jayawardane et al.175 Copyright 2017 
American Chemical Society. 
NaCl (mM) 
Layer thickness  
±2 Å 
SLD  
±0.1×10-6 Å-2 
Volume 
fraction ±0.005 
Surface Excess 
±0.1 mg/m2 
NR SE 
5 37 5.2 0.450 
2.8 3.1 
44 6.2 0.060 
20 38 5.2 0.410 
2.7 2.9 
45 6.2 0.060 
50 40 5.5 0.330 
2.5 2.4 
40 6.1 0.100 
150 44 5.7 0.255 
1.9 1.8 
36 6.2 0.060 
500 42 6.0 0.140 0.8 0.6 
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(A) 
 
(B) 
 
Figure 4.8 (A) Adsorption kinetics for RSF 5-30 kDa 3 mg/ml with NaCl concentrations 
of 5 (□), 20 (◊), 50  (∆), 150 (o) and 500 (*) mM, at the silica/water interface, pH 7 studied 
by SE. (B) Reflectivity profiles for RSF 5-30 kDa pH 7 with NaCl concentrations of  5 
(□), 20 (◊), 50  (∆), 150 (o) and 500 (*) mM studied by NR. Solid lines through the data 
points correspond to the best fits for the corresponding reflectivity curves. Reprinted with 
permission from Jayawardane et al.175 Copyright 2017 American Chemical Society. 
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As the ionic strength of the RSF solution was increased electrostatic charges from both 
peptide and SiO2 surface were increasingly flooded with the ions. This impacted on the 
adsorbed amount by reducing any possible attractive charge interaction between RSF and 
SiO2 surface and most importantly it increased peptide-peptide interactions in bulk 
solution by screening repulsive electrostatic like charges found along RSF chains. Thus 
preferential peptide-peptide interactions in the bulk solution resulted in lower surface 
adsorbed amounts at the interface. Increased peptide-peptide interactions at high ionic 
strengths can result in phase separation or ‘salting out’ of RSF and the consequent 
formation of insoluble particles which have potential as drug delivery particles.157 
Similarly, studies with BSA proteins revealed a strong ionic-dependant screening of 
peptide-peptide repulsive interactions allowing for an enhanced attractive potential 
between BSA molecules in solution.177  Adsorptions of other proteins such as β-casein 
and lysozyme have also been shown to have similar trends when exposed to increasing 
ionic concentrations.178, 179 Figure 4.9, interestingly shows a more stable response by RSF 
>300 kDa which is able to withstand slightly higher Ionic concentration than the other 
two RSF fractions. The RSF >300 kDa fraction is likely to have a more stable tertiary 
structure with less conformational liberty in virtue of its larger size and increased ability 
to form inter and intramolecular interactions granting it greater stability to changes in 
ionic strength. 
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Figure 4.9 Effect of NaCl concentration on the adsorption of 3 mg/ml silk fibroin 
measured by SE at the silica/water interface, pH 7. Reprinted with permission from 
Jayawardane et al.175 Copyright 2017 American Chemical Society. 
 
4.4.4 RSF/SDS interaction at the SiO2 Interface 
 
RSF at a concentration of 3 mg/ml was initially pre-adsorbed onto the SiO2 /water 
interface for 1 hour and then the sample was rinsed with UHQ and then surfactant solution 
was added. Ellipsometry data shown in Figure 4.10A indicates an increase in the overall 
surface adsorbed amount when increasing surfactant concentration up to a concentration 
of 0.3 mM SDS, further concentration increases resulted in a gradual reduction in surface 
adsorbed amount. Anionic surfactants such as SDS do not usually adsorb onto hydrophilic 
SiO2 interface due to like charge repulsion. However following the adsorption of a peptide 
such as RSF the presence of hydrophobic patches can facilitate the adsorption of SDS to 
the interface causing an increase in the surface absorbed amounts measured as seen in 
Figure 4.10A.  
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(A) 
 
(B) 
 
(C) 
 
Figure 4.10 (A) Final adsorption values following sequential adsorption of 3 mg/ml silk 
fibroin (1 hr) and different concentrations of SDS measured by SE at the silica/water 
interface pH 7. (B) Reflectivity profiles for RSF 5-30 kDa pH 7 with 1 mM SDS (□), 1 mM 
d-SDS (◊), 10 mM SDS (∆) and 10 mM d-SDS (o). Solid lines through the data points 
correspond to the best fits for the corresponding reflectivity curves. (C) Schematic model 
showing the arrangement of RSF molecules (black), SDS (red) at 1 mM and 10 mM SDS. 
Reprinted with permission from Jayawardane et al.175 Copyright 2017 American 
Chemical Society. 
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Above concentrations of 0.3 mM SDS the surface adsorbed amount is seen to decrease, 
indicating that it is more energetically favourable for the surfactant-peptide complexes 
formed at the interface to desorb from the interface and enter the bulk solution. At a 
concentration of 10 mM SDS, which is above its CMC (8.2 mM), RSF is close to being 
completely removed from the interface. It was possible to calculate the exact adsorbed 
amounts of surfactant and RSF adsorbed by running neutron reflection experiments using 
a deuterated version of SDS (with an SLD of 6.72 × 10-6 Å-2), and non-deuterated SDS 
(with an SLD of 0.37 × 10-6 Å-2). The variation in the SLD layer caused by the isotopic 
variation of H/D allows to confidently quantify each component at the interface. Neutron 
reflection fitting shown in Table 4.8 confirmed the presence of SDS in the adsorbed RSF 
layer and the gradual removal of RSF from the interface. At 1 mM SDS, the surfactant 
molecules had penetrated into the innermost layer (thickness 34 Å) where most of the 
peptide resides and where it is able to maximise its hydrophobic interactions most likely 
with its acyl tail buried into the RSF layer and its hydrophilic head pointing towards the 
bulk solution. The inner layer SLD in Table 4.8 falls to 4.9 × 10-6 Å-2 from 5.3 × 10-6 Å-2 
found when SDS is present and the overall layer thickness falls indicating a slightly more 
compact layer. It was found, at 1 mM SDS, that the inner layer (thickness 34 Å) contains 
42% of RSF and 6.5% of SDS while the outer layer (thickness 35 Å) contains 14% of 
RSF and 3% of SDS. Most of the RSF had desorbed at 10 mM SDS. The thickness of 
both layers had decreased and most of the remaining RSF and SDS was found in the outer 
layer. The inner layer (thickness 20 Å) was found to only contain 2.5% of RSF and 3% 
of SDS while the outer layer (thickness 16 Å) has similar RSF (11.5%) and SDS (11%). 
The shift in adsorbed amount and volume fraction to the outer layer highlights the 
desorption process of RSF from the interface and back into the bulk solution complexed 
with SDS (Figure 4.10C). The overall adsorption behaviour with an initial increase in 
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adsorbed amount followed by gradual removal of the peptide and complete removal 
above CMC is consistent with systems involving SDS adsorption onto pre-adsorbed BSA, 
lysozyme and hydrophobin.169, 171, 173  For example, similarly to RSF, a two layer 
adsorption was reported for lysozyme adsorption with a thickness of 30 ± 3 Å for each 
layer and occupying 46% and 32%, respectively.171 However unlike for RSF, SDS was 
mainly found to occupy the outer layer with significantly less amount found in the inner 
most layer, indicating difficulty for the SDS to penetrate all the way and likely due to the 
more rigid globular structures compared to RSF. Nonetheless complete removal of 
lysozyme was achieved upon increasing SDS concentration. 
 
Table 4.8 Structural parameters of neutron reflection best fits for 5-30 kDa silk fibroin 3 
mg/ml adsorbed for 1 hr at the SiO2 /water interface followed by SDS adsorption. 
Reprinted with permission from Jayawardane et al.175 Copyright 2017 American 
Chemical Society. 
SDS 
Concentration 
mg/ml 
Layer 
thickness 
(±2 Å) 
SLD 
±0.1×10-6 Å-
2 
Volume fraction 
±0.005 
Surface Excess 
±0.1 mg/m2 
SDS  Peptide SDS  Peptide 
1 mM SDS 34 4.9 0.065 
0.030 
 
0.4  
35 5.8  
1 mM d-SDS 34 5.3  0.420 
0.140 
 2.7 
30 6.0  
10 mM SDS 20 6.1 0.030 
0.110 
 
0.3  
16 5.4  
10 mM d-SDS 20 6.3  0.025 
0.115 
 0.3 
16 6.1  
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4.4.5 RSF/C12TAB interaction at the SiO2 interface 
 
Experiments were carried out as detailed for C12TAB. Similarly to SDS, there was an 
initial increase in surface absorbed amount at low surfactant concentrations, in this case 
up to 2 mM, following which increasing concentrations gradually reduced the absorbed 
amount as shown in Figure 4.11A. Unlike SDS however, C12TAB is known to absorb 
directly to the silica/water interface due to charge attraction and is therefore likely to be 
found in higher amounts at the interface. The SLD of C12TAB used was calculated to be 
-0.37 × 10-6 Å-2, whilst its deuterated version had an SLD of 5.13 × 10-6 Å-2. Fitted neutron 
reflectivity data shown in Table 4.9 confirmed the presence of C12TAB in the adsorbed 
RSF layer even at a concentration of 0.2 mM, lowering the SLD of both the layers, 
especially the inner most layer. The surfactants occupied 9.5% of the inner layer 
(thickness 30 Å) and only 4% of the outer layer (thickness 40 Å). The surfactant is likely 
adsorbed with its cationic head onto the SiO2 due electrostatic interactions as depicted in 
Figure 4.11C.47, 180 However, it was not possible to elucidate from the limited reflectivity 
contrasts the exact orientation (position of hydrophilic head and hydrophobic tail) within 
the adsorbed layer of C12TAB molecules at the interface. The adsorption of surfactant 
also appears to render the adsorbed RSF layer more compact with an inner layer volume 
fraction of 52%. At 20 mM, C12TAB is above its CMC (12 mM) and was found coexisting 
with RSF at the interface. The adsorbed amount of RSF reduced to 1.2 mg/m2 from 3.1 
mg/m2, and the overall thickness also dropped to around 33 Å. 
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(A) 
 
(B) 
 
(C) 
 
Figure 4.11 (A) Final adsorption values following sequential adsorption of 3 mg/ml RSF 
(1 hr) and C12TAB measured by ellipsometry at the silica/water interface, pH 7. (B) 
Reflectivity profiles for RSF 5-30 kDa pH 7 with 0.2 mM C12TAB (□), 0.2 mM d-C12TAB 
(◊), 20 mM C12TAB (∆) and 20 mM d-C12TAB (o). Solid lines through the data points 
correspond to the best fits for the corresponding reflectivity curves. (C) Schematic model 
showing the arrangement of RSF molecules (black), C12TAB (blue) at 0.2 mM and 20 mM 
SDS. Reprinted with permission from Jayawardane et al.175 Copyright 2017 American 
Chemical Society. 
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 This is consistent with reports of C12TAB forming a uniform layer around 22 Å thick 
when allowed to adsorb at a hydrophilic SiO2/water interface,
172 and the layer is 
consistent with our measurements indicating a thicker layer of 33 Å accounting for the 
presence of RSF at the interface. C12TAB occupies 33.5% of the adsorbed layer, and RSF 
only occupies 25%. This sharp reduction in RSF at the interface was forced by the 
dominating adsorption affinity of C12TAB to the SiO2/water interface displacing RSF 
from the interface, but unlike with SDS the surfactant was not able to remove RSF to the 
same extent. This is also fairly consistent with model adsorption studies involving 
C12TAB with proteins such as lysozyme and hydrophobin which showed some initial 
removal from the interface but were able to coexist at the interface even above the 
surfactants CMC.172, 173 Interestingly, unlike RSF, hydrophobin was shown not to adsorb 
irreversibly onto the hydrophilic SiO2/water interface, however addition of cationic 
surfactant was described by the authors as acting as ‘glue’ making the adsorption partially 
irreversible.173  
Table 4.9 Structural parameters of neutron reflection best fits for 5-30 kDa silk fibroin 3 
mg/ml adsorbed for 1 hr followed by C12TAB adsorption at the SiO2 /water interface. 
Reprinted with permission from Jayawardane et al.175 Copyright 2017 American 
Chemical Society 
Concentration 
mg/ml 
Layer 
thickness 
(±2 Å) 
SLD 
±0.1×10-
6 Å-2 
Volume fraction 
±0.005 
Surface Excess 
±0.1 mg/m2 
C12TAB  Peptide C12TAB  Peptide 
0.2 mM C12TAB 30 4.4 0.095 
0.040 
 
0.5  
40 5.8  
0.2 mM d- C12TAB 30 4.9  0.525 
0.120 
 3.0 
40 6.0  
20 mM C12TAB 26 3.5 0.335  0.9  
20 mM d- C12TAB 33 5.3  0.250  1.2 
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4.5 Conclusion 
 
The adsorption of RSF has been studied in detail with regards to solution pH, ionic 
strength, peptide molecular fraction, concentration and presence of surfactants at the 
hydrophilic SiO2/water interface by ellipsometry and neutron reflection. At the 
SiO2/water interface RSF was found to adsorb irreversibly and was modelled with a two-
layer fitting. Since RSF is a relatively flexible soft protein its adsorption behaviour is 
similar to a synthetic block co-polymer or other proteins such as β-casein which lack a 
well-defined tertiary structure, adsorbed as a random walk or as trains and loops at the 
SiO2/water interface. Consequently, the layer closest to the interface was modelled as a 
denser layer and the outer layer represented a diffuse layer of RSF chains looping into the 
bulk solution. Changes to concentration, pH and ionic strength all had strong impact on 
the adsorbed amount found at the interface. Increasing pH or ionic strength caused a 
reduction in the adsorbed amount. This gave an indication about the importance of 
electrostatic forces in the adsorption process. When pH was increased RSF become more 
negatively charged. This has two effects, firstly it caused RSF to assume a more extended 
less compact structure due to inter- and intramolecular repulsive forces and secondly 
electrostatic repulsive forces were strong enough to negate any hydrophobic interactions 
holding the peptide together at the SiO2/water interface. On the other hand, when the ionic 
strength of the solution was increased peptide-peptide interactions increased due to 
electrostatic screening effects and RSF molecules found it more energetically favourable 
to interact with each other in the bulk solution, hence causing a drastic reduction in the 
adsorbed amount at the interface. In addition the separation of RSF into different MW 
fractions by membrane ultrafiltration demonstrated that RSF >300 kDa fraction was more 
stable to ionic strength changes. Hence fractioning of the RSF peptides into more 
homogenous solutions affects the adsorption behaviour of RSF. Larger RSF molecules 
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appear to be more stable to ionic concentration and display slower adsorption. Changes 
in pH, concentration and ionic strength have a similar effect on the adsorption of short 
amphiphilic designer peptides which were designed to have systematic tweaks in their 
amino acid sequence to investigate structure function relationships.79, 90, 139 Overall the 
dominating mode of interaction at the interface appeared to be through hydrophobic 
interactions of the RSF molecules. The presence of these hydrophobic interactions 
allowed anionic SDS to adsorb at the interface alongside RSF. However, increasing the 
SDS content above its CMC caused the near complete removal of RSF from the interface. 
On the other hand, cationic surfactant C12TAB, removed a small amount of RSF and was 
found to coexist at the interface with a significant amount of RSF, even above its CMC. 
Both electrostatic and hydrophobic interactions contributed to the permanence of C12TAB 
with RSF at the interface allowing for greater stability. The interaction with both 
surfactants followed the behaviour also observed with short cationic peptides (V6K), 
biosurfactants and proteins which interact with surfactants and are seen to be gradually 
displaced by surfactants approaching the surfactant’s CMC.143, 171-173 Overall RSF shows 
a good adsorption affinity with the hydrophilic SiO2/water interface even in the presence 
of a cationic surfactant. Ultimately, these results give an important insight into how RSF 
adsorption can be controlled at the interface and this will have important implications for 
the development of applications based on interfacial adsorption of biomolecules at 
solid/water interfaces.  
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5 SILK FIBROIN AIR-LIQUID 
ADSORPTION 
 
5.1 Overview 
 
The adsorption of RSF at the solid-liquid interface was examined in the previous chapter 
highlighting the propensity for RSF to adsorb and form a stable layer at the interface. In 
a similar manner, this chapter characterises the adsorption of RSF at the air-liquid 
interface and then investigates its adsorption with conventional surfactants SDS and 
C12TAB. The interfacial behaviour of RSF is investigated using a combination of 
tensiometer and neutron reflection. Initially, the structural conformations adopted by the 
adsorbed RSF are discussed with regards to bulk concentration and the effects of solution 
conditions as well as RSF MW. Surface tension measurements and some foaming studies 
are used to evaluate the interactions with conventional surfactants at the interface. 
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5.2 Introduction 
 
Investigating the adsorption at the air-liquid interface is relevant to a wide range of 
industries from the pharmaceutical industry151, 152 to the food industry6, 153. Moreover, 
adsorption  in large amounts at the air-liquid interface is characteristic to surfactant 
molecules and they have been exploited in a range of applications, such as floatation, 
pharmaceutical stabilisation, and formulation in agrochemicals150. However, such surface 
activity is not limited to surfactants but is also found in some proteins and peptides too. 
Their attractiveness over conventional surfactants is largely due to their environmental 
friendliness, biodegradability and biocompatibility. Silk fibroin peptides have the above 
mentioned attractive features as well as possessing an amino acid sequence which would 
indicate good surface activity.93, 94 Some studies on silk film formation have investigated 
adsorption at the air-water interface and examined its interfacial rheology and emulsion 
behaviour highlighting RSF’s propensity to adsorb at the interface and form stable 
viscoelastic films.107, 181, 182 The adsorption process and the structures formed at the 
interface are important when assessing the suitability for applications dependant on 
surface activity. Understanding its adsorption behaviour and structure at the interface 
would hence be beneficial for the use of silk fibroin peptides in a range of applications. 
Detailed molecular studies have discovered some possible molecular conformations 
adopted by the RSF peptides, identifying silk I (amorphous), silk II (β-sheet rich) and also 
a silk III structure (three-fold helix).104-106. In particular, the silk III structure, in the helix 
form, would enable the alanine and serine (from the GAGAGS repeats) to be found on 
separate sides of the helix enhancing its amphiphilicity, and it is therefore likely that RSF 
would adsorb at the interface in this form.105 Another study, based on interfacial rheology 
and adsorption kinetics, speculated RSF to initially adsorb as a train and rearrange to 
favour hydrophobic and hydrophilic interactions.107 Furthermore, RSF molecules were 
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thought to adsorb under the initial layer through hydrogen bonding, forming compact 
multilayers. At higher concentrations it was then suggested that the molecules adopted a 
beta hairpin structure with its backbones perpendicular to the interface and with 
significant portion extending out of the liquid surface.107 However, so far the adsorbed 
RSF layer has not been physically characterised. In addition, RSF co-adsorption with 
conventional surfactants has not yet been studied. A range of studies have looked at other 
protein-surfactant systems and the studies seem to suggest, mechanisms ranging from 
formation of complexes at the surface, which can enhance adsorption, to competitive 
adsorption by surfactant molecules which results in the displacement of the proteins from 
the surface. For example a study of SDS and BSA solution mixtures showed higher 
surface tension reading in the presence of the protein than the pure surfactant for much of 
the concentration range studied.183 Whilst a similar study involving lysozyme and SDS 
showed, lower surface tension readings in the presence of the protein.184 A clearer 
understanding of the adsorption behaviour and the structural arrangement of RSF at the 
interface would be beneficial for the advancement in implementation and utilisation of 
RSF’s surface active properties, especially when in mixed formulations.4, 137 As such, the 
adsorption of RSF peptides, the importance of physiochemical properties such as pH, 
NaCl and the co-adsorption with conventional surfactants were studied. Neutron 
reflection and surface tension were both used to study interactions for their excellent 
abilities to study interfacial adsorption behaviour and probe the structures found at the 
interface. 
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5.3 Experimental method 
 
5.3.1 Silk preparation 
 
Fresh solutions of silk fibroin peptides were dissolved in ultra-high quality Milli-Q water 
(UHQ) or D2O (Sigma-Aldrich, UK). Stock solutions of silk fibroin peptides were then 
diluted to achieve the appropriate concentrations needed for experiments. Sodium 
chloride (Sigma-Aldrich, UK) was used to adjust salt concentration and pH was adjusted 
using minimum amount of NaOH (or NaOD) or HCl (or DCl) (Sigma-Aldrich, UK) as 
appropriate.  Surfactants SDS and C12TAB were purchased from Sigma-Aldrich, UK and 
their deuterated versions were contributed by Dr R. K. Thomas, Physical & Theoretical 
Chemistry lab, University of Oxford. All surfactants were purified and dissolved in UHQ 
(or D2O) stock solutions ready for dilution and use in experiments. 
 
5.3.2 Neutron reflection 
 
Experiments were carried out on SURF reflectometer. The samples were loaded onto 
Teflon troughs and were placed on an anti-vibration table on the sample stage. The 
troughs were then correctly aligned with the neutron beam without tilting the table. The 
samples were left to equilibrate for at least 1 hour prior to measurement and each 
reflectivity experiment was carried out at an incidence angle of 1.5°.  
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5.3.3 Surface tension 
 
A KRUSS K11 Mk4 (Kruss, Hamburg, Germany) was used to measure the surface 
tension changes over time. The surface tension was determined using a platinum 
Wilhelmy plate, which was immersed into the sample (6 ml) which was held in a glass 
container. Temperature was maintained at 20˚C by connecting a water bath cooler to the 
sample holding sleeve. Measurements were stopped when the standard deviation fell 
below 0.075 mN/m. Prior to each measurement the platinum Wilhelmy plate was flame 
heated until incandescent and then allowed to cool and the cleanliness of the system was 
checked by confirming a reading of 72.8 mN/m for UHQ. 
 
5.3.4 Foaming experiments 
 
Foaming was determined by vortexing solutions for 30 seconds using a lab benchtop 
vortex. Sample solutions of 10ml were placed in graduated 50ml corning tubes (Corning, 
UK) with an internal diameter of 25 mm. Following vortexing the solution was allowed 
to stand for 15s before the foam volume was recorded, this determined the foamability. 
Foam stability was then measured by monitoring the foam volume over a period of 24h. 
The experiments were repeated at least 3 times. 
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5.4 Results and discussion 
 
5.4.1 RSF adsorption behaviour and structure as the interface 
 
Figure 5.1 Equilibrium surface tension results for RSF peptides with an SDS surface 
tension curve for comparison.  
 
Surface tension measurements were conducted on RSF solutions ranging in concentration 
from 0.001 mg/ml to 10 mg/ml. As would be expected, the adsorption of RSF peptides at 
the interface caused a significant reduction in the surface tension with increasing 
concentration, as shown in Figure 5.1 Interestingly the surface tension curves for all three 
MW peptide fractions appear to be almost identical within error. The adsorption of RSF 
resulted in a minimum surface tension of around 45 mN/m. However, a sharp CMC was 
not visible as is the case with the surface tension curve of SDS. The absence of the CMC 
is however typical for mixtures which possess a range of surface active species, in this 
case the inherent polydispersity of RSF solution results in aggregation occurring over a 
wide range of concentrations rather than at a specific concentration. The RSF peptides 
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ability to lower the surface tension is not as good as conventional surfactants (~35 mN/m). 
However, at low concentrations RSF peptides were more efficient at attaining lower 
surface tension values. As can be seen in Figure 5.1, below 1 mg/ml, RSF peptides 
resulted in significantly lower surface tension values than SDS. At 0.03 mg/ml RSF 
peptides achieved a 17 mN/m lower surface tension value than SDS at the same 
concentration. The ability to reduce the surface tension by RSF is significantly better 
compared to some other protein systems such as BSA, lysozyme and keratin which have 
also been studied using surface tension.51, 183, 184 
Neutron reflection was then used to try and elucidate whether there was any structural 
difference between the adsorbed layers between the three MW RSF fractions. Adsorption 
of the RSF peptides was from NRW solutions, thereby only signal from the adsorbed 
layer would be detected. Fitted data from the runs are shown in Figure 5.2 and the results 
of the fits are summarised in Table 5.1 
 
 
Figure 5.2 Fitted curves of NR data for adsorption of 0.1 mg/ml RSF in NRW: in order 
from top to bottom, 5-30 kDa (grey), RSF 30-300 kDa (blue), RSF >300 kDa (purple). 
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Table 5.1 Structural parameters from the best fit of NR curves for adsorbed layers from 
solutions of 0.1 mg/ml RSF 
MW τ 
 (±2Å) 
SLD  
±0.1×10-6 Å-2 
Φ (± 0.005) Γ 
(mg m-2) 
5-30 kDa 38 1.0 0.410 2.3 
30-300 kDa 36 1.0 0.410 2.2 
>300 kDa 35 1.0 0.410 2.1 
 
The NR data could be easily fit using a one-layer model. However, the results appeared 
to show only minor differences between the three adsorbed MW’s. The thicknesses and 
the adsorbed amount were found to be slightly higher using RSF 5-30 kDa compared to 
RSF >300 kDa, which had the lowest, but only by 3 Å  and 0.2 mg/m2. This could be as 
a result of lower adsorption barrier by the smaller MW peptides compared to the larger 
MW. Further NR experiments were conducted to characterise how the adsorbed layer 
evolved with peptide concentration. Fitted data curves for RSF 5-30 kDa covering the 
concentration ranges from 0.003 to 10 mg/ml from D2O solutions are shown in Figure 5.3 
and Figure 5.4, and from NRW solutions in Figure 5.5 and. Figure 5.6. 
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Figure 5.3 From top to bottom: 10 mg/ml, 3 mg/ml, 1 mg/ml, 0.3 mg/ml, RSF 5-30 kDa 
at the air/D2O interface 
 
 
Figure 5.4 From top to bottom: 0.1 mg/ml, 0.01 mg/ml, 0.005 mg/ml, 0.003 mg/ml, RSF 
5-30 kDa at the air/D2O interface 
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Figure 5.5 From top to bottom: 10 mg/ml, 3 mg/ml, 1 mg/ml, 0.3 mg/ml, RSF 5-30 kDa 
at the air/NRW interface 
 
 
Figure 5.6 From top to bottom: 0.1 mg/ml, 0.01 mg/ml, 0.005 mg/ml, 0.003 mg/ml, RSF 
5-30 kDa at the air/NRW interface 
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Both NRW and D2O runs were conducted in order to maximise contrast and fit a model 
which would reveal where and how much RSF was found adsorbed at the interface. NRW 
runs were initially fitted to give an idea of the adsorbed layer thickness and amount, whilst 
the D2O runs gave contrast to identify how much of the layer was submerged and how 
much extending out into the air phase.  
Table 5.2 summarises the structural parameters of the layers as fitted from the NR data. 
The table shows both the final fitted data from NRW and D2O runs. The NRW data could 
be fit using a single layer and shows an increasing layer thickness and SLD with 
increasing bulk RSF concentration. Subsequently the corresponding D2O runs were fit 
using the NRW results as constraints and if necessary the NRW fits were revised. After 
numerous such iterations the data revealed the presence of RSF extending out into the air 
phase even at low concentrations. The adsorbed layer in the air did not appear to increase 
significantly in thickness with increasing concentration, whilst the layer found in D2O 
increased from 17 Å  at 0.003 mg/ml to 40 Å  at 10 mg/ml. The total adsorbed amount was 
found to increase up to a maximum of 2.8 mg/m2 at the maximum concentration 
investigated and there appeared to be a fairly even packing between the two layers as 
indicated by the volume fraction values in the table. 
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Table 5.2 Structural parameters of RSF 5-30k layers adsorbed at the air/water interface  
Concentration 
(mg/ml) 
Layer Thickness  
 (±2 Å) 
SLD (± 
0.1⨯10-6 
(Å-2) 
Φ  
(± 0.005) 
Γ 
(mg/m2) 
10 Air 15 1.5 0.395 2.8 
D2O 40 5.5 0.330 
10 NRW 52 0.9 0.370 2.8 
3 Air 14 1.5 0.395 2.6 
D2O 37 5.5 0.335 
3 NRW 49 0.9 0.370 2.6 
1 Air 13 1.6 0.420 2.6 
D2O 34 5.4 0.375 
1 NRW 49 0.9 0.375 2.6 
0.3 Air 12 1.6 0.420 2.3 
D2O 26 5.3 0.410 
0.3 NRW 40 1.0 0.410 2.4 
0.1 Air 12 1.7 0.450 2.4 
D2O 25 5.2 0.450 
0.1 NRW 38 1.0 0.410 2.3 
0.01 Air 14 1.4 0.370 1.8 
D2O 19 5.4 0.375 
0.01 NRW 33 0.9 0.370 1.8 
0.005 Air 12 0.7 0.185 1.0 
D2O 18 5.7 0.255 
0.005 NRW 31 0.5 0.205 0.9 
0.003 Air 12 0.4 0.105 0.5 
D2O 17 6.0 0.140 
0.003 NRW 29 0.2 0.100 0.3 
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The data summarised in Table 5.2 has been graphically shown in Figure 5.7. The 
thickness can be seen to increase across the entire concentration range whilst the surface 
excess appears to be plateauing from a concentration of 0.1 mg/ml onwards. This 
behaviour gives indication that the RSF peptides adsorbed at the interface are likely found 
in a different conformation at the higher bulk concentrations and thereby explain the 
increasing layer thickness without significant increase in adsorbed amount.  
 
 
Figure 5.7 The total adsorbed layer thickness and adsorbed amount as a function of bulk 
RSF concentration as measured from NRW (open symbols) and D2O (closed symbols) 
runs. Squares for the surface excess and triangles for the layer thickness. 
 
Based on the above results a structural model of the evolution of the adsorbed RSF layer 
with bulk concentration is suggested and shown in Figure 5.8. At low concentration the 
RSF peptides are adsorbed with 12 Å above the surface and 17 Å submerged. This would 
fit neatly with the literature which suggests the formation of silk III structures upon 
adsorption at the air-water interface. As mentioned earlier the silk III structure results in 
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the alanine (hydrophobic) and serine (hydrophilic) residues to be found on opposite sides 
of the helical structure. As such, part of the helix would be found above the surface of the 
water and the rest submerged. Furthermore, the layer thickness increased by about 10 Å 
as the concentration is increased up to 0.1 mg/ml and the adsorbed amount reached 2.4 
mg/m2. Hence RSF was adsorbing more and tighter at the surface and additional 
adsorption was found below the surface increasing the submerged layer thickness. This 
supports the claims suggesting additional adsorption occurring via hydrogen bonding 
with the initial RSF layer made by Yang et. al.107. In contrast, above 0.1 mg/ml an increase 
in adsorbed amount of only 0.5 mg/m2 resulted in a layer thickness increase of nearly 20 
Å. This significant increase in layer thickness fits perfectly with a reorientation of the silk 
peptide backbones from parallel to perpendicular to the surface. The increased bulk 
concentration would cause the RSF to pack tightly and the increased pressure result in 
adjacent chains interacting to form clusters/aggregates with their backbone perpendicular 
to the surface.  
RSF backbones perpendicular to the surface have been previously observed by X-ray 
diffraction experiments conducted on compressed RSF layers.104 The same study suggests 
a beta hairpin structure for the RSF found at the interface. Previously, Yang et. al., have 
suggested in their model that the RSF peptides would be found mostly above the surface, 
in beta hairpin conformation. They had made such an assumption based on their results 
showing a marked decrease in the surface elasticity of the RSF peptides at higher bulk 
concentrations. They went on to suggest that this was likely because RSF peptides had 
formed compact, large, loosely interconnected aggregates on the surface which would 
thus flow more easily under shear and hence cause a fall in surface elasticity. They thus 
hypothesised beta hairpin structure would be found above the surface thus limiting 
interactions in the water interface weakening the surface properties. However, according 
to the analysis of the NR data in Table 5.2 the RSF is yes perpendicular to the surface but 
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it is also mostly submerged. In this case the explanation would be the formation of 
aggregates which are water soluble, for example silk III structures grouped together to 
shield their hydrophobic cores and exposing their hydrophilic sides. This would satisfy 
the formation of surface aggregates and the consequent fall in surface elasticity as 
interpreted by Yang et. al. from their experiments. The difference is likely arising from 
the fact that the study which suggested beta hairpin structures, used compressed RSF 
layers which had been left to age for up to 24h, until a surface skin had formed. The NR 
measurements in contrast were carried out with RSF which on average had been analysed 
within 5h of preparation and therefore did not have any visible skin on the surface. It is 
hence plausible to think that RSF would eventually form insoluble beta hairpin structures 
on the surface and the structure measured by NR is a precursor to the creation of an 
insoluble RSF layer if left to age until a skin is formed. 
 
 
Figure 5.8 Schematic of the suggested RSF adsorbed layer structure as bulk 
concentration is increased. RSF is shown adsorbed in a silk III conformation parallel to 
the interface and as bulk concertation increases the RSF peptide is found to orient 
perpendicular to the interface.  
  
Chapter 5: Silk Fibroin Air-Liquid Adsorption 
138 
Effect of ionic strength. The formation of the adsorbed RSF layer was then investigated 
under varying NaCl concentration. NR data is shown in Figure 5.9 and the structural 
parameters from the best fits are shown in Table 5.3.  
The ionic strength of the RSF solution was increased up to a maximum of 1M. The 
increase in ionic strength did not appear to have a drastic effect on the adsorption of RSF 
peptides. There only appeared to be a minor increase in the adsorbed amount of around 
0.2 mg/m2, but there was no trend. Addition of salt is known to cause minor increases in 
the free energy at the interface and as such make it more favourable for adsorption of 
amphiphilic molecules. In addition, the salt ions would result in lowered entropic gains 
by the RSF peptides adopting a compact hydrophilic conformation in the bulk and as a 
result more hydrophobic aggregates would be found in solution which would readily 
adsorb at the interface. 
 
 
Figure 5.9 Neutron data fitting of 0.1 mg/ml RSF 5-30 kDa adsorption from 10 mM, 30 
mM, 300 mM and 1M NaCl solutions (from top to bottom). 
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Table 5.3 Structural parameters of SF1B 5-30k (0.1 g/L) layers adsorbed at the air/water 
interface (pH 7) with different NaCl concentrations.  
NaCl 
(mM) 
τ 
 (Å) 
SLD  
±0.1×10-6 Å-2 
φ Γ 
(mg m-2) 
0 38 1.0 0.410 2.2 
10 40 1.0 0.410 2.4 
30 38 1.0 0.410 2.3 
300 39 1.0 0.410 2.3 
1000 40 1.0 0.410 2.4 
 
The effect of pH. The adsorption of RSF peptides from solutions of varying pH was 
explored and the resulting NR data and fits are shown in Figure 5.10. The corresponding 
parameters from the best fits are listed in Table 5.4 
 
Figure 5.10 Neutron data fitting for adsorption of 0.01 mg/ml RSF 5-30 kDa at pH’s 
(from top to bottom) 2, 3, 5, 9 and 11 
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Changes in pH affect the distribution of charges on protein molecules. This consequently 
affects the electrostatic interactions taking place within the adsorbed layer between 
adsorbed molecules and also the degree of hydration of the molecules. Changes in pH did 
not result in drastic changes to the adsorbed layer, indicating stronger dependence on 
hydrophobic interactions rather than electrostatic ones over the pH range studied. 
However, changes in solution pH did cause some changes to the adsorbed RSF layer, 
mainly, that both high and low pH’s resulted in a slightly more tightly packed layer and 
a higher adsorbed amount. At low pH the increased adsorption is explained by enhanced 
aggregation of the peptides due to reduced charge repulsion allowing for closer packing 
at the interface. At high pH, the peptides are highly charged and are usually found in an 
extended conformation in solution and adsorption is therefore driven by increased 
hydrophobic effect and gain in entropy from adsorption at the interface. 
 
Table 5.4 Structural parameters of SF1B 5-30k (0.01 g/L) layers adsorbed at the 
air/water interface at different pHs.  
pH τ 
 (Å) 
SLD  
±0.1×10-6 Å-2 
φ Γ 
(mg m-2) 
2 35 1.1 0.450 2.3 
3 35 1.1 0.450 2.3 
5 35 0.9 0.370 1.9 
7 33 0.9 0.370 1.8 
9 34 0.9 0.370 1.9 
11 33 1.1 0.450 2.2 
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5.4.2 Co-adsorption with SDS and foaming behaviour 
 
Co-adsorption of surfactant with a milder surface active agent can result in synergistic 
effects in terms of surface activity and with it a more efficient use of the surfactant (less 
will be required to achieve the same surface tension). The following experiments 
attempted to elucidate RSF interaction with SDS when formulated together. 
 
Figure 5.11 Surface tension curves for SDS with the addition of 0.01, 0.1 and 0.3 mg/ml 
RSF 5-30 kDa. 
 
Three concentration of RSF (0.01, 0.1 and 0.3 mg/ml) were added to solutions of SDS 
and then surface tension measurements were taken. As can be seen in Figure 5.11, with 
respect to the pure surfactant, addition of RSF 5-30 kDa resulted in a lower surface 
tension across most of the concentration range. The analysis can be broken down into the 
effect of RSF on concentration of SDS above and below its CMC. Below the CMC there 
was considerable lowering of the surface tension. Whilst above CMC the addition of RSF 
appeared to cause only a minor fall (~2 mN/m) when 0.1 and 0.3 mg/ml RSF 5-30 kDa 
was added. Below the CMC, the lowering of the surface tension was RSF concentration 
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dependant, with the higher RSF concentrations achieving lower surface tension values. 
The CMC of the mixture also appeared to be noticeably lowered in the presence of RSF 
5-30 kDa 0.1 and 0.3 mg/ml but remained unchanged with the addition of 0.01 mg/ml. 
 
 
Figure 5.12 Surface tension curves for SDS with the addition of 0.01, 0.1 and 0.3 mg/ml 
RSF 30-300 kDa. 
 
The addition of RSF 30-300 kDa also caused a significant reduction in the surface tension 
below the CMC of the pure surfactants (Figure 5.12). Above the CMC, the addition of 
RSF caused no significant reductions within error (less than 1 mN/m) in the surface 
tension. There was a RSF concentration dependant reduction in surface tension for 
mixtures below the CMC. The CMC of the mixture has been lowered with the addition 
of 0.3 mg/ml RSF (to ~1 mg/ml SDS) the same cannot be said for the other two 
concentrations of RSF.  
 
 
35
40
45
50
55
60
65
70
75
0.001 0.01 0.1 1 10 100
Su
rf
ac
e
 T
e
n
si
o
n
 (
m
N
/m
)
Concentration (mg/ml)
SDS
30-300 kDa
SDS + 0.01 mg/ml 30-300 kDa
SDS + 0.1 mg/ml 30-300 kDa
SDS + 0.3 mg/ml 30-300 kDa
Chapter 5: Silk Fibroin Air-Liquid Adsorption 
143 
 
Figure 5.13 Surface tension curves for SDS with the addition of 0.01, 0.1 and 0.3 mg/ml 
RSF over 300 kDa 
 
Addition of RSF over 300 kDa also resulted in significant reductions in surface tension 
below the CMC of the pure surfactant (Figure 5.13). Above the CMC, RSF did not cause 
any further reductions. The reduction in surface tension was dependant on the RSF 
concentration, where higher RSF concentrations resulted in lower surface tension values. 
The CMC of the mixture also did not appear to deviate from that of the pure surfactant.  
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Figure 5.14 Comparison between the additions of 0.01 mg/ml RSF 5-30 kDa, 30-300 kDa 
and over 300 kDa fraction to SDS. 
 
Overall the addition of RSF to SDS appeared to effectively reduce the surface tension at 
concentration below the CMC of the pure surfactant. Addition of concentrations as low 
as 0.01 mg/ml RSF resulted in significant reductions and have been plotted in Figure 5.14.  
 
 
35
40
45
50
55
60
65
70
75
0.001 0.01 0.1 1 10 100
Su
rf
ac
e
 T
e
n
si
o
n
 (
m
N
/m
)
Concentration (mg/ml)
SDS
SDS + 0.01 mg/ml 5-30 kDa
SDS + 0.01 mg/ml 30-300 kDa
SDS + 0.01 mg/ml over 300 kDa
Chapter 5: Silk Fibroin Air-Liquid Adsorption 
145 
 
Figure 5.15 Comparison between the additions of 0.1 mg/ml RSF 5-30 kDa, 30-300 kDa 
and over 300 kDa fraction to SDS. 
 
There is a clear relationship with the MW of the RSF, with the smaller RSF fraction 
achieving the lowest surface tension values. When the concentration of RSF was 
increased to 0.1 mg/ml the surface tension reduced further. As seen in Figure 5.15. the 
curves for each RSF MW is much lower than before. 
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Figure 5.16 Comparison between the addition of 0.3 mg/ml RSF 5-30 kDa, 30-300 kDa 
and over 300 kDa fraction to SDS. 
 
The same is valid for the addition of 0.3 mg/ml of RSF to the surfactant as shown in 
Figure 5.16. However, at this concentration, it becomes even more apparent that RSF is 
able to reduce the CMC of the surfactants to much lower concentrations. The minimum 
value of the surface tension is very slightly lower than the pure surfactant suggesting that 
the lowest surface tension might be a result of the formation of surface active SDS/RSF 
complexes with higher surface activity. Overall the addition of the RSF is facilitating the 
adsorption at the interface and the adsorption of the SDS molecules from lower 
concentrations and at high SDS concentration the surface tension is dominated by the 
surface activity of SDS.  
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Figure 5.17 Foaming capacity of pure solutions of RSF 5-30 kDa, 30-300 kDa and over 
300 kDa. 
 
Foaming of RSF and SDS. Experiments were conducted to measure the foaming 
properties of the mixed solutions of RSF and SDS. Surface adsorption and the interactions 
between the molecules at the surface are essential in determining the foaming behaviour. 
As such examining the foaming can reveal information regarding the adsorption of 
molecules at the air-water interface. 
Before studying the foaming ability of the mixed solutions the foam ability of pure RSF 
solutions was examined. As can be seen in Figure 5.17, the foaming ability of RSF 
solution is not very good, the maximum foam volume produced was around 6 ml. Protein 
solutions are typically known to have limited foaming abilities due to their size and slower 
diffusion to interfaces. At a concentration of 0.01 mg/ml the RSF solutions did not result 
in any foaming and at higher concentrations the foaming behaviour was roughly the same 
for all MW’s of RSF. 
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(A) 
 
(B) 
 
Figure 5.18 Foam ability of SDS with the addition of RSF. (A) addition of 0.01 mg/ml 
RSF, (B) addition of 0.3 mg/ml RSF. 
 
When RSF was combined with SDS, as had been done in the surface tension experiments, 
the foam volume was much higher than pure RSF. Two concentrations of RSF were used, 
0.01 mg/ml and 0.3 mg/ml. The results of the mixtures are summarised in Figure 5.18. 
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There appears to be no significant difference between the three molecular weights of RSF. 
The foam volume rises with SDS concentration up to around 14 ml for both 
concentrations of RSF. However, at the lower concentration of RSF it can be seen that 
addition of 0.3 mg/ml RSF resulted in higher foam volumes. For clarity this has been 
plotted on a separate graph for RSF 30-300 kDa, shown in Figure 5.19. 
 
 
Figure 5.19 Addition of 0.01 and 0.3 mg/ml RSF 30-300 kDa to SDS solutions of varying 
concentration. 
 
In Figure 5.19 the foam ability of pure SDS has also been overlaid in the graph and it 
becomes apparent that the foaming behaviour of the mixed solution is strongly influenced 
by that of SDS. Compared to RSF pure SDS surfactant has a much greater foaming ability 
With a maximum foam volume of around 13 ml. For concentrations above 0.1 mg/ml of 
SDS, the addition of RSF does not seem to make any difference to the maximum foaming 
volume. However below 0.1 mg/ml SDS, addition of 0.3 mg/ml RSF caused a significant 
improvement in foaming volume relative to pure surfactant solution. On the other hand 
addition of 0.01 mg/ml RSF had no effect. However, the improvement seen by the 
-2
0
2
4
6
8
10
12
14
16
0.001 0.01 0.1 1 10 100
M
a
x
im
u
m
 F
o
a
m
 V
o
lu
m
e
 (
m
l)
Concentration (mg/ml)
SDS
SDS + 0.3 mg/ml RSF 30-300 kDa
SDS + 0.01 mg/ml RSF 30-300 kDa
Chapter 5: Silk Fibroin Air-Liquid Adsorption 
150 
addition of 0.3 mg/ml RSF (below 0.1 mg/ml SDS) is no better than the foaming ability 
of pure RSF solutions of the same concentration. It is hence likely that the foaming below 
0.1 mg/ml SDS is dominated by the foaming ability of RSF and beyond 0.1 mg/ml SDS, 
the far superior foaming ability of SDS become the dominating factor. 
Stability of the foams was investigated by monitoring the foam volume over a period of 
24h. The change in stability with concentration for SDS is shown in Figure 5.20, 
alongside the stability curves for the three MW’s of RSF. The figure highlights 
concentration dependant stability for SDS solutions with a gradual decay over time which 
significantly accelerates after 2h. On the other hand, RSF shows very stable foams up to 
around 8h at which point there is a rapid decay in the foam. 
 
 
Figure 5.20 Foam stability of SDS and RSF solutions over a period of 24 h. 
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(A) 
 
(B) 
 
Figure 5.21 Stability of SDS solutions following the addition of (A) 0.01 mg/ml RSF, (B) 
0.3 mg/ml RSF, over a period of 24 hours.  
 
Addition of RSF to SDS solutions caused an improvement to the stability of the foam. 
The improved stability following addition of 0.01 and 0.3 mg/ml RSF is shown in Figure 
5.21. It can be clearly seen that the foam remains stable for longer. The foam behaviour 
resembled that of the pure RSF solutions, especially when 0.3 mg/ml is added. It also 
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appears that the RSF fraction of 30-300 kDa resulted in more stable foams compared to 
the other two fractions at both 0.01 and 0.3 mg/ml concentrations. 
Even at high concentrations the foam stability is improved with the addition of a small 
amount of RSF. Addition of RSF even at a concentration of 0.01 mg/ml caused a 
considerable increase in foam stability across the concentration range as can be seen in 
Figure 5.22. Addition of 0.3 mg/ml RSF resulted in higher foam stability but there 
appeared to be a deterioration of the stability with increasing SDS concentration likely 
due to SDS removing some RSF at higher concentrations as a result of competitive 
adsorption at the surface. 
 
 
Figure 5.22 Foam stability of SDS and mixtures with RSF across the concentration range 
tested. 
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5.4.3 Co-adsorption with C12TAB and foaming behaviour 
 
Cationic surfactant use is often limited because if it’s higher toxicity and skin irritating 
properties, especially in relation to their use in skin and personal care products. 
Formulation with a milder surface active agent can result in an overall milder product. 
Surface tension measurements have been used to assess the surface active properties of 
mixed solutions of RSF and C12TAB and any interactions between the two molecules. 
Addition of RSF 5-30 kDa resulted in a large drop in surface tension across all 
concentrations below the surfactant CMC. Whilst above the CMC, RSF 5-30 kDa did not 
lower further the surface tension. The lowering of the surface tension below the CMC 
was RSF concentration dependant. The highest drop in surface tension was ~24 mN/m, 
relative to the pure surfactant solution, upon the addition of 0.3 mg/ml RSF. The CMC of 
the mixture also appears to be lowered by the addition of 0.1 and 0.3 mg/ml RSF 5-30 
kDa but not with the addition of 0.01 mg/ml. 
 
Figure 5.23 Surface tension curves for C12TAB with the addition of RSF 5-30 kDa. 
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Figure 5.24 Surface tension curve for C12TAB with the addition of RSF 30-300 kDa. 
 
Addition of RSF 30-300 kDa, to the surfactant also resulted in a lowering of the surface 
tension over most of the concentration range as shown in Figure 5.24. The lowering of 
the surface tension was RSF concentration dependant, below the CMC of the pure 
surfactant. The highest drop of surface tension resulted in a maximum fall of ~22 mN/m, 
relative to the pure surfactant solution, upon addition of 0.3 mg/ml RSF. There also was 
no apparent lowering of the CMC of the mixed solutions. Interestingly, the interaction of 
RSF 30-300 kDa with very low C12TAB concentrations of 0.01 mg/ml resulted in higher 
surface tension values than the pure RSF 30-300 kDa. This would suggest the presence 
of strong interactions between the two molecules which result in either lower adsorbed 
amount at the interface or less surface active complexes formed. 
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Figure 5.25 Surface tension curve for C12TAB with the addition of RSF over 300 kDa. 
 
Addition of RSF over 300 kDa resulted in lowering of the surface tension below the CMC 
but no effect was seen above the CMC, as shown in Figure 5.25. The lowering of the 
surface tension was also RSF concentration dependant. Surface tension fell up to a 
maximum of 25 mN/m upon addition of 0.3 mg/ml RSF relative to the pure surfactant.  
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Figure 5.26 Comparison between the surface tension curves of the three RSF MW’s 
following the addition of 0.01 mg/ml to C12TAB solutions. 
 
When comparing the RSF-surfactant curves between each other it can be seen that 
addition of over 300 kDa RSF fraction resulted in noticeably higher surface activity. 
Figure 5.26 highlights this for the addition 0.01 mg/ml RSF. However, Figure 5.26 also 
highlights the poorer surface activity by the other two RSF fractions.  
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Figure 5.27 Comparison between the surface tension curves of RSF MW fractions at 0.1 
mg/ml added to C12TAB solutions. 
 
Addition of 0.1 mg/ml RSF to C12TAB resulted in even lower surface tension readings as 
can be seen in Figure 5.27. Over 300 kDa resulted in the lowest surface tension but 5-30 
kDa is only marginally less surface active. Overall all three RSF MW surfactant mixtures 
appear to have similar slopes and throughout the concentration range studied are found 
within a maximum of ~5 mN/m from each other. 
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Figure 5.28Comparison between the surface tension curves of RSF MW fractions at 0.3 
mg/ml added to C12TAB solutions. 
 
Addition of 0.3 mg/ml RSF caused a further lowering in the surface tension as seen in 
Figure 5.28. There is very little difference between the three RSF fractions, all are within 
less than 5 mN/m from each other at each concentration point. However, the graph does 
indicate that over 300 kDa resulted in the lowest surface tension and 30-300 kDa had a 
higher surface tension throughout. 
The above results have the peculiarity of showing an opposite trend with regards to the 
RSF MW fraction which is most effective compared to the SDS results, i.e. over 300 kDa 
resulted in a greater surface tension reduction with C12TAB but with SDS it resulted in 
the least surface tension drop out of the RSF MWs. This is a clear indication that the two 
surfactants interact with the RSF peptides in different ways.  
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Foaming of C12TAB with RSF. 
(A) 
 
(B)  
 
Figure 5.29 Foaming ability of C12TAB solutions with the addition of (A) 0.01 mg/ml 
RSF, (B) 0.3 mg/ml RSF. 
 
Following mixing with C12TAB, there was no apparent difference between the three MW 
fractions of RSF. Figure 5.29 shows the increased foaming ability of the solutions with 
increasing C12TAB concentration for both the addition of 0.01 and 0.3 mg/ml RSF.  
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Figure 5.30 Addition of 0.01 and 0.3 mg/ml RSF 30-300 kDa to solutions of C12TAB. 
 
The addition of 0.3 mg/ml RSF resulted in a different foaming behaviour compared to the 
addition of 0.01 mg/ml RSF, but no significant differences between the RSF fractions at 
the respective added concentrations. As better highlighted in Figure 5.30, the overall 
foaming behaviour is dominated by C12TAB’s foaming behaviour. Foaming ability of 
pure C12TAB solutions improved with concentration but the addition of RSF at 0.01 
mg/ml made no difference to it. On the other hand, the addition of 0.3 mg/ml RSF showed 
a clear improvement in the foaming ability up to 1 mg/ml C12TAB. However, at higher 
concentrations the addition of RSF does not result in any improvement over the pure 
surfactant foaming ability suggesting that the interface is dominated by the surfactant 
action. 
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(A) 
 
(B) 
 
Figure 5.31 (A)Stability of C12TAB, (B) stability following addition of 0.3 mg/ml RSF 30-
300 kDa. Error bars omitted for clarity. 
 
The foam stability was examined for pure C12TAB solutions and it showed standard 
concentration dependant increase in stability with increasing concentration as can be seen 
in Figure 5.31(A). However the addition of 0.3 mg/ml RSF to the surfactants solutions 
resulted in a more complex behaviour as seen in Figure 5.31(B). At high surfactant 
concentrations the addition of RSF caused a drop in the foam stability whilst there is a 
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very clear improvement in the stability at low surfactant concentrations. This increased 
stability at low concentrations would appear to be a result of the RSF peptides dominating 
the surface interaction whilst at higher concentrations the surfactant dominates but is 
destabilised over-time by interaction with RSF peptides. 
 
 
Figure 5.32 Foam stability as a percentage of initial foam of C12TAB and mixtures with 
RSF after 4 hours. 
 
At the 4 hour mark, after foaming, the addition of RSF has helped maintain the foam 
stable whilst in the pure surfactants solution, the foam has mostly decomposed and is only 
present at concentrations above 10 mg/ml. Figure 5.32 also highlights the fall in stability 
as surfactants concentration increases in the mixed solutions. This is indication of the 
surface being replaced by surfactant at higher concentrations, leading to the stability 
imparted by the RSF molecules to gradually fall. At concentration above 1 mg/ml, mixed 
solutions had no foam left at the 4 hour mark. This is a clear indication of the presence of 
strong interactions between the RSF and C12TAB which result in lower surface elasticity 
and thereby more unstable foam.  
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5.5 Conclusion 
 
Neutron reflection revealed that the adsorption of the peptides formed a uniform peptide 
layer at the air/water interface with nearly one third of the layer extending into the air 
phase. The thickness of the layer was found to increase with solution concentration from 
around 30 Å (at 0.003 mg/ml) to approximately 50 Å (at 10 mg/ml) while the respective 
surface excess gradually increased from around 0.4 mg/m2 to 2.8 mg/m2. However, the 
adsorbed amount started to plateau fairly soon whilst the thickness steadily increased. 
This gave an indication that the RSF which was found at the interface at the higher 
concentration must be arranged in a different structural conformation. Based on these 
results and on the literature, it was possible to propose a RSF model adsorption at the air-
water interface. RSF is believed to initially adsorb perpendicular to the interface and as 
concentration increases the RSF peptide was forced to adopt a tighter configuration which 
causes it to be found with its backbone perpendicular to the surface. It is suggested that 
since the peptides are mostly in the water interface the peptides are arranged in such a 
way to shield the hydrophobic areas and expose their hydrophilic segments to the bulk 
solution. This may also be the reason for the weakening of surface elasticity since such 
aggregates would not be strongly cohesive. RSF layers were however found to be fairly 
stable with regards to both salt and pH. The adsorbed RSF was largely unaffected by ionic 
strength, with minor increase in the adsorbed amount of 0.2 mg/m2 when NaCl 
concentration was raised to 1 M. Changes to pH caused a slight increase in the adsorbed 
amount when moving to both low and high pH with adsorbed amounts remaining very 
stable between pH 5-9. 
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Surface tension measurements revealed that RSF peptides were significantly more surface 
active than conventional surfactants at low concentrations. This is a very attractive result 
in terms of its potential use as a surfactant. Co-adsorption with surfactants revealed even 
lower surface tension values. Addition of RSF at very low concentrations of 0.01 to 0.3 
mg/ml caused significant drop in the surface tension below the CMC of the pure 
surfactants and in most cases was seen to also reduce the CMC value. There appeared to 
be a RSF MW dependant reduction in the surface tension. However, the most effective 
MW fraction changed depending on the surfactant. With SDS, the 5-30 kDa fraction 
resulted in the lowest surface tensions, whilst with C12TAB it was the larger > 300 kDa 
which resulted in the lower surface tensions. It is unclear why this was the case, but the 
results would indicate that the two surfactants interact with the RSF peptides in two 
different ways. Foaming experiments were not able to make the interactions any clearer 
as there appeared to be no major differences between the three RSF MW’s ability to foam. 
Stability of the foams however revealed that RSF was very good at increasing foam 
stability at low surfactant concentrations. Foam stability appeared higher with SDS across 
the entire concentration range. Whilst stability with C12TAB revealed that there were 
strong interactions taking place between the surfactant and the peptide, hence the 
increased stability at low surfactant concentrations rapidly deteriorated. 
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6 CONCLUSION 
6.1 Conclusions 
 
Interactions between surfactant-like peptides and conventional surfactants had not been 
looked at before. So experiments were carried out to assess their potential use together at 
the solid-liquid interface. Firstly, co-adsorption studies of V6K with SDS confirmed the 
presence of strong interactions between the two oppositely charged molecules. There was 
a molar ratio dependence and consequent neutralization at molar unity resulting in zero 
adsorption. However below molar unity SDS adsorption could be enhanced at the 
interface due to like charge attraction by the positively charged lysine heads of the 
peptide. This was further confirmed when V6K was pre-adsorbed and formed a stable 
bilayer or cylindrical micellar structure and could aid the adsorption of SDS onto its 
surface. This is a positive result as it showcases the potential for V6K to modulate the 
adsorption of SDS (or any similarly negatively charged molecule). On the other hand, 
V6K was found to be able to effectively shield the surface from the positively charged 
C12TAB, when pre-adsorbed. Co-adsorption with C12TAB however resulted in 
competitive adsorption and C12TAB dominated the interface above its CMC. However, 
below its CMC V6K was able to adsorb at the interface faster than C12TAB and therefore 
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was found adsorbed at the interface. Overall the results show that surfactant-like peptides 
show promising adsorption and an interesting range of behaviours and interactions with 
conventional surfactants which give insight into potential ways to use these peptides. 
Next, RSF peptide adsorption at the solid-liquid interface was characterised in detail. It 
showed that the RSF peptide could form a very stable and irreversibly adsorbed layer. 
But its adsorption was affected by pH and salt concentration. Increasing pH or ionic 
strength caused a reduction in the adsorbed amount. Pre-adsorbed layers of RSF were 
found to help SDS adsorption. However, increasing the SDS content above its CMC 
caused the near complete removal of RSF from the interface. On the other hand, cationic 
surfactant C12TAB, removed a small amount of RSF from the interface and was found to 
coexist at the interface with a significant amount of RSF, even above the surfactants 
CMC. These results give an important insight into the interactions with conventional 
surfactants at the solid-liquid interface. Whilst the results showed that RSF was fairly 
easily removed from the interface by SDS, it would appear that it could be used in 
conjunction with a cationic surfactant at the solid-liquid interface. 
Furthermore, the characterisation of RSF at the air-liquid interface revealed a very stable 
RSF layer which was not affected much by solution salt or pH changes. The results seem 
to confirm a structural change in the adsorbed RSF peptides at high bulk concentrations. 
The most significant result however comes from the co-adsorption with surfactants, 
which resulted in a substantial drop in surface tension with the addition of small amounts 
of RSF. As such the use of RSF together with surfactants, would greatly improve the 
surfactant and in applications which require surface tension lowering this would result in 
significantly lower amounts of surfactant needed. In addition, RSF was also able to help 
improve the stability of foams over all the concentration range tested, for SDS, and 
partially for C12TAB. 
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Going back to the research motivations delineated in the introduction chapter, the use of 
peptides for their surfactant ability would seem justified. The overall results of the thesis 
show great potential in the use of designed surfactant-like peptides. Also, the use of RSF 
peptides did result in moderate surface activity, though not quite good as conventional 
surfactants. Nevertheless, RSF peptides demonstrated an exceptionally promising ability 
to lower surface tension when formulated with conventional surfactants and would thus 
contribute in making conventional surfactant solutions milder and more efficient. Hence 
the top-down approach of recovering peptides from larger proteins would appear to be 
promising, but will not likely yield anything functionally specific as carefully designed 
and synthesised surfactant-like peptides. 
 
6.2 Future work 
 
The results from the adsorption of V6K at the solid-liquid interface helped elucidate for 
the first time the interactions that take place between cationic surfactants-like peptides 
and cationic and anionic surfactants. It would be interesting to investigate the use of V6K 
in applications typically accomplished by conventional surfactants. These could range 
from coating of surfaces, delivery and solubilisation of drugs or use in personal care and 
hygiene products. Further work should also take the direction of investigating an anionic 
surfactant-like peptide in a similar fashion to try and expand on the use of this class of 
deigned peptides. 
The investigation on RSF’s surfactant behaviour highlighted the potential that can come 
from extracting and recovering functional peptides from larger proteins. It can be a 
worthwhile process but improvements are needed in the procedure of identification, 
extraction and separation of the peptides to yield better fractions. However, if the cost of 
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such processes becomes too high, competing sources of functioning peptides will be 
preferred. 
With specific regards to the RSF peptides, future work should attempt to elucidate the 
interactions that are taking place at the air-water interface in the presence of surfactants. 
For example, if the RSF peptides are able to form stable layers encompassing other 
molecules this could be used to help stabilise biomolecules which would otherwise 
denature at the air-water interface. Also the improved stability of foams upon surfactant 
addition would warrant some more exploration to identify how this stability is mediated 
and whether it can be exploited for the stabilisation of molecules or surfaces such as 
microbubbles. 
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